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DISSECTING FUNCTIONS OF PARTITIONING DEFECTIVE PROTEIN 3 
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IN CORTICAL DEVELOPMENT 
Wenying Liu, PhD 
Cornell University 2018 
Proper organization and orderly mitosis of radial glial progenitors (RGPs) drive 
the formation of a laminated mammalian cortex in correct size. However, the molecular 
underpinnings of the intricate process remain largely unclear. By generating various 
genetic engineered mouse lines, I investigated the roles of one ancient polarity protein, 
partitioning defective protein 3 (PARD3), in cortical development. 
In the neocortex, the birthplace of excitatory neurons, my mutant analysis 
showed that RGP behavior and cortical development are controlled by temporally 
distinct actions of PARD3 in concert with dynamic HIPPO signaling. RGPs lacking 
PARD3 exhibit developmental stage-dependent abnormal switches in division mode, 
resulting in an initial over-production of RGPs largely located outside the ventricular 
zone at the expense of deep-layer neurons. Ectopically localized RGPs subsequently 
undergo accelerated and excessive neurogenesis, leading to the formation of an enlarged 
cortex with massive heterotopia and increased seizure susceptibility. Simultaneous 
removal of HIPPO pathway effectors YAP and TAZ suppresses cortical enlargement 
and heterotopia formation. These results define a dynamic regulatory program of 
mammalian cortical development and highlight a progenitor origin of megalencephaly 
with ribbon heterotopia and epilepsy. 
In the medial ganglionic eminence/ preoptic area (MGE/PoA), where most 
cortical interneurons are born, PARD3 deletion impairs the asymmetric division of 
RGPs in a temporal-distinct fashion as well, and results in the overproduction of early-
born somatostatin (SOM) -expressing interneurons at the expense of constantly 
generated parvalbumin (PV) -expressing interneurons. Moreover, by analyzing one of 
the few well-established interneuron subtypes, chandelier cells, I found that the 
disruption of asymmetric division in MGE/PoA RGPs by PARD3 deletion leads to a 
significant reduction in the generation of chandelier cells. The results together suggest 
a putative link between division mode and interneuron subtype specification. 
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Chapter 1 PAR proteins: the discovery, molecular identity and cellular 
functions 
1.1 Introduction 
The size of different brain regions depends on the size of the contributing 
proliferative progenitors, which is in turn determined by the mode of progenitors’ 
division. This well-known ‘radial unit model’ (Rakic, 1988), formulated by Rakic thirty 
years ago, delineates the crucial roles of neural progenitors in the enlargement of the 
cerebral cortex during evolution as well as the size difference of distinct brain regions. 
According to this hypothesis, the number of symmetric proliferative divisions 
determines the progenitor pool and thereby the surface area of each brain region, 
whereas the number of asymmetric divisions, which generate neurons during 
neurogenesis, determines the thickness of the cortex. Indeed, this concept has been well 
supported through the identification of special neural stem cells, radial glial progenitor 
xscells (RGPs), and its unique dividing behavior during distinct cortical developmental 
stages. 
Data obtained through various advanced techniques, including 
immunofluorescent staining, confocal microscopy, time-lapse imaging and surgical 
manipulation of cortical development identified the existence of RGPs and their 
temporal distinct division mode in the developing dorsal telencephalon, the birthplace 
of excitatory neurons. At the early stage of neurogenesis (embryonic day 11-12, E11-
12 in mice), RGPs, whose cell bodies reside in the ventricular zone (VZ), largely divide 
in a symmetric proliferative mode, generating two RGPs to expand the progenitor pool 
extensively (Florio and Huttner, 2014; Homem et al., 2015; Kriegstein and Alvarez-
Buylla, 2009). During the peak phase of neurogenesis, the majority of RGPs switch to 
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the asymmetric neurogenic division mode to self-renew and simultaneously produce 
post-mitotic neurons through either direct or indirect way. That is, a given RGP could 
divide at the VZ surface to produce a daughter RGP as well as either a postmitotic 
neuron (direct neurogenesis) or an intermediate progenitor cell (IP) which divide 
symmetrically in the sub-ventricular zone (SVZ) to give rise to two neurons (indirect 
neurogenesis) (Englund et al., 2005; Noctor et al., 2004; Tamamaki et al., 2001) 
(Figure1.1). Newborn neurons use the long radial glial fibers of their mother RGPs as 
scaffolds to migrate along in order to reach their final destination in the cortical plate 
(Angevine and Sidman, 1961; Hatten, 1999; Marín and Rubenstein, 2003; Noctor et al., 
2001; Rakic, 1971, 1988).  
RGPs also exist in the medial ganglionic eminence (MGE) and the preoptic area 
(PoA), the transient structures in the ventral telencephalon where approximately 70% 
of cortical interneurons are generated. A previous study combining mouse genetics and 
in utero retrovirus injection elegantly labeled individual dividing progenitors and their 
progeny in the MGE/PoA. The results indicated that MGE progenitors are radial glial 
in nature (Brown et al., 2011). Similar to their dorsal counterparts, RGPs in the 
MGE/PoA undergo interkinetic nuclear migration in the VZ and divide asymmetrically 
to self-renew and simultaneously produce either a neuron or an IP. The generated IP 
then migrates into the SVZ and undergoes symmetric division to produce interneurons. 
Thus, during cortical development, the determinants balancing symmetric proliferative 
division and asymmetric neurogenic division regulate the area size and thickness of the 
cortex. Although the dynamic progression in the dividing behavior of RGPs in the 
embryonic cortex has been well examined, the molecular mechanisms governing 
division mode switch are not well understood. 
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Figure 1.1: Neurogenesis process in cerebral cortex development. 
(A) The early neuroepithelium is composed of highly polarized neuroepithelial stem 
cells (NSCs, apical-basal polarity is indicated). NSCs give rise to RGPs which exhibit 
even more polarized cellular morphology with an extended basal process. During 
neurogenesis, symmetric RGP divisions may generate two RGPs but asymmetric 
divisions produce a renewing RGP and a neuron or an IP. IPs further divide 
symmetrically in the SVZ to produce neurons. The basal processes of RGPs serve as a 
scaffold for nascent post-mitotic neurons, which migrate in a step-wise fashion coupled 
with changes in cell polarity, from the VZ/SVZ through the intermediate zone (IZ) in 
order to reach the cortical plate (CP). IZ intermediate zone; SP, subplate; CP: cortical 
plate; MZ: marginal zone. Adapted from Hansen et al, 2017 
One promising strategy to probe the mechanisms regulating division mode 
switch would be to study the characteristics distinguishing RGP from IPs, given the 
different division mode carried by these two types of neuronal progenitors. One of such 
characteristics is the apical-basal polarity. RGPs are highly polarized with two 
characteristic processes: a short apical fiber that contacts the ventricular surface, and a 
long basal fiber that spans the width of the developing neocortex to reach the pial surface 
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(Kriegstein and Götz, 2003; Tamamaki et al., 2001). By contrast, IPs lack apical-basal 
polarity in that extensive studies have shown that IPs are multipolar cells constantly 
extend and retract various short processes (Noctor et al., 2004; Pontious et al., 2008). 
Interestingly, the apical domain of RGPs is enriched with the conserved polarity 
proteins PARD3, PARD6, aPKC (atypical protein kinase C) that is excluded from the 
basolateral membrane domain through adherens junctions (Afonso and Henrique, 2006; 
Cappello et al., 2006; Manabe et al., 2002; von Trotha et al., 2006), whereas none of the 
proteins exist in the IPs. The above-mentioned polarity proteins have been shown to 
regulate asymmetric division in C. elegans zygote and Drosophila neuroblast. Scientists 
were therefore prompted to investigate the function of polarity proteins in regulating 
division mode of RGPs during cortical neurogenesis (Goldstein and Macara, 2007). 
In this chapter, I will introduce, with a focus on PARD3 which is the major 
player in my thesis, the discovery of par genes, the molecular identity of PAR proteins 
and their biochemical interactions.  The cell biological roles of PAR proteins in C. 
elegans zygote, Drosophila neuroblast, and epithelial cells will also be discussed. 
Finally, I will review several recent studies on the function of PARD3 during neocortical 
development and discrepancies among their findings, which will serve as the primer for 
the next two chapters on the function of PARD3 in cortical neurogenesis. 
1.2 Early embryonic development in C. elegans and the discovery of par 
genes 
In this section, I will introduce the seminal genetic screen performed in 
nematode C. elegans zygote leading to the identification of par genes. The early 
embryonic polarity establishment and asymmetric division of C. elegans zygote will be 
discussed first to lay the foundation for understanding the phenotypes of par mutants 
from the genetic screen.  
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1.2.1 Overview of early embryonic polarity and asymmetric cell division in C. 
elegans 
Cell polarity and asymmetric division have been best studied in the first 
embryonic cell division of C. elegans. This is due to not only the features of this animal 
model, such as short life cycle, big progeny size, and ease of maintenance (Sin et al., 
2014), which make it an invaluable tool for genetic screen, but the developing nature of 
C. elegans zygote as well. 
From unfertilized oocyte to a juvenile worm, a series of asymmetric divisions 
accompanied with uneven distribution of cytoplasmic components give rise to five 
somatic founder cells (AB, MS, E, C and D), one primordial germ cells (P4), and 
establish the body plan of C. elegans (Sulston et al., 1983). Figure 1.2 summaries the 
asymmetries of early embryo. Early in the first embryonic cell cycle, the symmetry of 
oocyte is broken by the polarity cue provided by the sperm entry from the future 
posterior pole of the embryo (Goldstein and Hird, 1996; Sadler and Shakes, 2000), and 
a serious of dramatic cytoplasmic reorganizations begin: (1) cortical cytoplasm streams 
anteriorly, whereas internal cytoplasm streams posteriorly (Hird and White, 1993). (2) 
The actomyosin cytoskeleton undergoes rapid rearrangements, leading to localized 
extensive actomyosin contractility in the anterior cortex which eventually results in the 
establishment of pseudocleavage furrow at 50% egg length (Rose et al., 1995). (3) The 
maternal pronucleus migrates toward the paternal pronucleus, the two meet in the 
posterior hemisphere and move together to the center of the embryo. Subsequently, the 
P granules, one of the best-known markers of early embryo polarity, start sitting in the 
posterior cortex, nuclear envelopes break down, the mitotic spindle sets up to the A-P  
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Figure 1.2: Asymmetry of the early C. elegans embryo.  
Anterior is to the left, posterior is to the right, dorsal is up and ventral is down in this 
and all subsequent figures. (A) Schematic diagram of cell positions at different stages. 
The germ-line precursors (P cells) are shown outlined with green, and each of the 
founder cells generated by asymmetric division are indicated with a different color. The 
daughters of founder cells are named by their position; e.g., ABa is the anterior daughter 
of AB, whereas ABal is the left daughter of ABa. The embryo proper is surrounded by 
an eggshell, schematized by a black line. (B) Schematics illustrating the anterior-
posterior asymmetry in one-cell stage embryos. At symmetry breaking, surface 
contractions of the cortical actomyosin network (red, wiggled line) cease in the vicinity 
of the centrosome, resulting in the generation of a small smooth cortical domain (blue, 
smooth line). During polarity establishment, the smooth cortical area expands anteriorly 
to eventually reach 50% egg-length. Concomitantly, PAR-3/PAR-6/aPKC expands 
towards the anterior, whereas PAR-2/PAR-1 retracts from the posterior. During 
centration/rotation and mitosis, AP polarity is maintained by the mutual inhibition of 
the anterior and posterior cortical domains. Adapted from WormBook.  
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axis (Strome and Wood, 1982, 1983). (4) Remarkably, the initially symmetrical spindle 
becomes polarized during metaphase. While the anterior aster remains firmly associated 
with cortex, the posterior aster swings from side to side and grows smaller than the 
anterior one (Albertson, 1984; Kemphues et al., 1988). (5) Morphology of the anterior 
centrosome becomes distinct from that of its posterior counterpart as mitosis progresses. 
The anterior centrosome is spherical, whereas the posterior one take on disc-shaped 
appearance (Hill and Strome, 1988; Keating and White, 1998). (6) Finally, the cleavage 
furrow bisects the asymmetric spindle, and produces two daughter cells with unequal 
size, a larger anterior somatic founder cell (AB) and a smaller posterior germ-line cell 
P1. 
1.2.2 The discover of par genes 
Thirty years ago, inspired by the ongoing genetic screens in yeast, Kemphues 
and Preiss set out to perform a series of mutant screen aiming to identify the maternal-
effect lethal mutations caused by defective expression of several genes regulating early 
embryonic polarity and asymmetric division. This seminal work revealed six par (par-
1 to par-6, for partitioning-defective) genes (Kemphues, 2000; Kemphues et al., 1988). 
The phenotypes in one-cell zygote resulted from mutation of these six par genes include 
disruption of pseudocleavage and cytoplasmic streaming, aberrant localization of P-
granule, evenly placement of the mitotic spindle. The daughter cells come from first 
division do not display any polar behavior. In addition, subsequent development is 
abnormal, with alterations in spindle orientation, dividing timing, and cell fates.  
Although the defective expressions of the six par genes influence the same 
processes, their functions are gene-specific (Cheng et al., 1995; Etemad-Moghadam et 
al., 1995; Kemphues et al., 1988; Morton et al., 1992), which is summarized in table 
1.1. In particular, par-3, the studying subject of my thesis, strongly affects spindle  
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orientation in the AB cell, while exerts a weaker effect on P-granule localization 
(Etemad-Moghadam et al., 1995). Furthermore, par-3 mutation shares many similar 
phenotypes to par-6, and PAR-3 protein was found to function as a complex with PAR-
6 and aPKC in regulating polarity and asymmetric division through extensive later 
studies (Tabuse et al., 1998; Watts et al., 1996).  
The identification of par genes revealed a set of machinery at the heart of cell 
polarization in one-cell phase of C. elegans embryo, pioneered the study on polarity and 
asymmetric division regulation, and prompted scientists to explore the biochemical 
interactions and cellular biological roles of par proteins. 
1.3 Molecular identity of PAR proteins and their biochemical interactions  
In this section, I will discuss the molecular identity and biochemical interactions 
of Par proteins, with a focus on PAR-3/PAR-6/aPKC complex given the context of this 
Table 1.1 Six PAR proteins and aPKC/PKC-3. (adapted from WormBook) 
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dissertation. In the end of the section, evolution conservative roles of this complex will 
also be touched upon for the transition to the next section. 
1.3.1 Molecular identity of PAR proteins 
Shortly after the discovery of par genes, Kemphues and coworkers successfully 
cloned all six par genes between 1994 and 2002 (Etemad-Moghadam et al., 1995; Guo 
and Kemphues, 1995; Hung and Kemphues, 1999; Levitan et al., 1994; Morton et al., 
1992; Watts et al., 1996). The sequences suggested distinct molecular identity of each 
gene, which together could constitute a novel intracellular signaling pathway. PAR-1 
and PAR-4 are categorized into the family of serine threonine kinase. PAR-5 encodes a 
14-3-3 like protein. PAR-3 and PAR-6 have PDZ domains but lack enzymatic structure, 
suggesting that they could act as a scaffold to recruit signaling proteins. PAR-2 has a 
RING finger domain and is involved in the ubiquitination pathway. 
The suggested molecular identity initially failed to link PAR proteins to any 
cellular components, such as microtubule and molecular motors, that have been proved 
to drive asymmetry of C. elegans embryo development.  Among all six PAR proteins, 
only PAR-1 has a distant relative which functions in yeast to mediate cell polarization 
(Tassan and Le Goff, 2004). Therefore, for the most part, the PAR proteins appeared to 
form a new signaling pathway, which makes the further study of PAR protein 
localization and biochemical interactions a necessity to understand their cellular roles.  
1.3.2 PAR-3 protein domains and their functions 
Studies on cellular localization of PAR proteins might bring some insight into 
functions of these proteins: while PAR-3 and PAR-6 are restricted in the anterior cortex, 
PAR-1 and PAR-2 become enriched in the opposite end of C. elegans zygote. PAR-4 
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and PAR-5 distribute in a symmetric pattern, and are both cortical and cytoplasmic 
through the period (Kemphues, 2000). It is likely appeared that PAR proteins drive their 
asymmetric distribution by establishing the polarized localization of cellular 
components. The results prompt a series of studies investigating PAR protein domains. 
In this section, given the context of my thesis, I will specifically discuss the well-studied 
domains on PAR-3 protein and their functions.  
Figure 1.3 demonstrates the domain organization and interaction network of  
Figure 1.3: The domain organization and interaction network of PAR complex. 
PAR complex is composed of three members: mPar3/Bazooka, mPar6/Par6 and aPKC. 
Their domain organization and interaction network are shown here. Solid lines with 
double arrow heads represent the direct association between two proteins. NTD: N-
terminal domain; B: aPKC binding site; KD: kinase domain.  
PAR-3 protein. PAR-3 is composed of a conserved N terminal domain (NTD, also 
called CR1), 3 PDZ domains, and the C-terminal region containing multiple protein 
binding sites (Benton and St Johnston, 2003; Mizuno et al., 2003). NTD mediates self-
oligomerization of PAR-3, and thus leads to the enrichment of PAR-3/PAR-6/aPKC. 
complex and its binding partners at specific membrane locations (Feng et al., 2007). The 
first PDZ domain of PAR-3 is reported to bind with several cell adhesion molecules 
(CAMs) including junction adhesion molecule (JAM), nectin and p75 (Chan et al., 
2006; Ebnet et al., 2003; Itoh et al., 2001; Takekuni et al., 2003). These interactions are 
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likely to signal the membrane targeting of PAR-3. The first PDZ domain is responsible 
for PAR-6 recruitment as well via a PDZ-PDZ interaction (Joberty et al., 2000; Lin et 
al., 2000; Suzuki et al., 2001). The two PDZ domains downstream of PDZ1 element, 
through binding with lipid membranes, are crucial for the localization of PAR-3 at tight 
junction (TJ) and establishing the apical-basal polarity in Drosophila and mammalian 
epithelial cells (Wu et al., 2007; Yu and Harris, 2012). The third PDZ domain itself is 
reported to directly bind with phosphatase and tension homolog (PTEN), and thus 
makes PAR-3 an ideal platform for PIP signaling events during cell polarization (Feng 
et al., 2008). One previous study from our lab also reported the strong microtubule 
binding and bundling activity of N-terminal of PARD3 (mammalian homolog of 
PAR3), and disruption of this activity would impair neuronal axon specification (Chen 
et al., 2013). 
The C-terminal region of PAR3 consists of an aPKC binding site and two 
conserved elements named 4N1 and 4N2. The coiled-coil domain 4N1 interacts with 
the endocytic adaptor protein Numb, and thus contributes to cell migration (Nishimura 
and Kaibuchi, 2007). Membrane lipids are found to bind with 4N1 as well for the 
cortical localization of PAR-3 (Krahn et al., 2010). 4N1 is also capable of Rac1- specific 
guanine nucleotide exchange factor (GEF) Tiam 1/2, and regulates TJ formation during 
axon/dendrite development in neuronal system (Chen and Macara, 2005; Nishimura et 
al., 2005; Zhang and Macara, 2006). The 4N2 domain is required for neuronal 
polarization by binding with microtubule motor KIF3A (Nishimura et al., 2004). Our 
lab reported an intra-molecular auto-inhibition mechanism of PAR-3 in which C-
terminal half suppresses microtubule bundling activity of PAR3 by binding with N-
terminal domain (Chen et al., 2013). 
In addition to distinct roles played by distinct domains of PAR-3, it is reported, 
in C. elegans, that different domains are required at different stages during development: 
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NTD and PDZ2 function only during early embryogenesis while aPKC binding site is 
important in later development (Li et al., 2010). 
 
1.3.3 Evolutionary conservation of PAR proteins 
Roles of PAR proteins in cell polarization were exclusively in C. elegans until 
1998. In 1998, bazooka, a fly cell polarization gene, was cloned and found to encode a 
protein closely related to PAR-3 (Kuchinke et al., 1998). In the same year, a mammalian 
PAR-3 homolog, PARD3, that can form a complex with aPKC was found to adopt an 
apical-basal asymmetric localization in mammalian epithelial cells, and resulted in the 
identification of aPKC as a member of anterior PAR complex in C. elegans, like PAR-
3 and PAR-6 (Izumi et al., 1998; Tabuse et al., 1998). One year later, mammalian PAR-
3, PAR-6 and aPKC were reported to exist in a complex with CDC42 (Joberty et al., 
2000; Lin et al., 2000), an ancient small GTPase that was first discovered in budding 
yeast (Johnson, 1999). Members of this asymmetrically distributed complex were also 
found in Xenopus oocytes and ascidian embryonic cells (Nakaya et al., 2000; Patalano 
et al., 2006). The other PAR proteins turned out to be highly conserved as well, and to 
play critical roles in cell polarization and asymmetric division in diverse contexts. All 
the above identifications suggest that PAR proteins have fundamental and conserved 
functions in animal cell polarization and asymmetric division. 
In the next section, I will introduce the roles of PAR complex played in various 
systems including Drosophila neuroblast development, epithelial polarization, and 
asymmetric division of RGPs. 
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1.4 The Fundamental Roles of PAR Complex in Animal Cell Polarization 
and Asymmetric Division 
 
1.4.1 PAR complex in Drosophila neuroblast asymmetric division  
In the Drosophila embryonic central nervous system (CNS), progenitor cells 
called neuroblasts (NBs) undergo programmed asymmetric cell division to generate the 
diversity of cell fates. During embryogenesis, NBs delaminate from the epithelium layer 
and enter mitosis. Upon cytokinesis, each NB produces two daughter cells with distinct 
properties: a bigger apical cell which maintains a NB identity and continue to divide in 
a progenitor-like way, whereas the smaller basal daughter cell becomes a ganglion 
mother cell (GMC) and adopts a terminal division fashion to give rise to two postmitotic 
neurons or glial cells (Betschinger and Knoblich, 2004; Chia and Yang, 2002; Jan and 
Jan, 2001). 
The evolutionary conserved PAR complex consisting of Bazooka (Baz, the fly 
homolog of C. elegans par-3), PAR6 and aPKC mediates the establishment of apical-
basal polarity and asymmetric division of NBs. Once a NB delaminates from the 
epithelium, ‘apical stalk’, a special cellular structure was formed to keep the association 
between NB and the surrounding epithelial cells. The PAR complex binds with NB-
specific protein Inscuteable (Insc) to form the Insc/PAR complex and establish the 
apical-basal polarity in delaminating NB (Schaefer et al., 2000). During mitosis, 
Insc/PAR complex is restricted in the apical cortex as a crescent and recruits another 
conserved polarity complex, which is composed of Partner of Inscuteable (Pins) and the 
heterotrimetic G protein subunit Gαi (Parmentier et al., 2000; Yu et al., 2000). Insc/PAR 
works together with Pins/ Gαi complex and regulates the asymmetric division of NB.  
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Interestingly, Insc/PAR and Pins/ Gαi complexes have distinct primary roles. 
Whereas Pins/ Gαi plays critical roles in mitotic spindle orientation, Insc/PAR is 
involved in the basal localization of cell fate determinants, such as Prospero (Pros), 
Numb, and their adaptor proteins Miranda (Mira) and Partner of Numb (Pon) (Izumi et 
al., 2004; Schober et al., 1999; Wodarz et al., 1999). The key member of PAR complex, 
aPKC, can limit basal protein, Lethal giant larvae (Lgl), to basal area through 
phosphorylation as well (Ohshiro et al., 2000; Peng et al., 2000). Non-phosphorylated 
Lgl normally is restricted at the basal cortex of NBs in an active state and attracts basal 
cell-fate determinants. Upon entering the anterior region, the territory guarded by 
Insc/PAR complex, Lgl is phosphorylated and inactivated by aPKC, and thus be pushed 
back to posterior end (Betschinger and Knoblich, 2004).  
1.4.2 PAR complex in epithelial polarization  
The apical-basal polarity establishment is fundamental to the epithelial sheets. 
During organogenesis, the internal sheets fold into villi, cysts and duct, and external 
sheets form the contact surface between the organism and surrounding environment. 
Epithelial cells can also form junctions with their neighbors in order to control ions and 
molecules’ permeability. PAR complex is reported to control epithelial polarization 
throughout the metazoa. In C. elegans, the apical-basal polarity replaces the antero-
posterior asymmetry by the end of the four-cell stage of embryogenesis, during which 
PAR-3 and PAR-6 become localized to the apical surface and mediate the apical-basal 
polarity associated with gastrulation (Nance et al., 2003). In Drosophila epithelial cells, 
the fly ortholog of PAR3 can be both functionally and spatially separated from PAR6 
and aPKC. It localizes at the adherens junctions which is below PAR6 and aPKC, acts 
upstream of CDC42 which plays a crucial role in localizing PAR6/aPKC at the cell 
cortex (Kuchinke et al., 1998). PAR3 drives polarity establishment and maintenance 
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through the interactions with two other sets of polarity proteins including Crumbs (CRB) 
and Scribble (SCRB)/Discs-large (DLG)/Lethal-giant-larvae (LGL) complex. The 
SCRB group suppresses apical membrane identity on the basolateral surface by 
inhibiting PAR3, whereas PAR complex maintains the integrity of apical domain via 
recruiting CRB, which antagonizes the function of SCRB at the apical surface (Bilder 
et al., 2003; Tanentzapf and Tepass, 2003).  PAR3 complex is also known to keep PAR1 
off the apical surface in fly as well. Once phosphorylated by aPKC from PAR complex, 
PAR1 is forced to bind with PAR5, which suppresses the kinase activity of PAR1 and 
blocks its membrane binding capability. Conversely, PAR3 that diffuses down to the 
basal region, the territory of PAR1, is phosphorylated by this basal polarity protein, and 
similarly forced to bind PAR5 and is excluded from basal domain (Hurov et al., 2004). 
Drosophila PAR3 is also involved in controlling phosphoinositide metabolism. In fly 
photoreceptor epithelial cells, PAR3 binds to the phosphoinositide phosphatase PTEN, 
recruits it to the lateral adherens junctions, and thus results in an enrichment of PIP3 on 
the apical surface, which is required for microvilli organization (von Stein et al., 2005). 
PAR3 works in an independent fashion in mammalian MDCK epithelial cells as well. 
In these cells, PARD3 sits predominantly to the tight junctions to maintain apical-basal 
polarity, whereas PAR6 and aPKC localize on the apical surface and in the cytoplasm 
(Izumi et al., 1998). 
1.4.3 PAR complex in mammalian embryonic neocortical neurogenesis 
By taking advantage of shRNA knockdown method, two elegant studies have 
investigated the function of PARD3 during mammalian embryonic neocortical 
neurogenesis (Bultje et al., 2009; Costa et al., 2008). Costa and coworkers revealed the 
strong enrichment of PARD3 at the apical surface of the VZ at E12, and the gradually 
reduction in the expression level at ensuing development stages. By performing in utero 
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injection of PARD3 shRNA-containing lentiviral vectors into the lateral ventricle of 
E12 mouse embryos, they reported PARD3 knockdown forces the transduced RGPs to 
exit the cell cycle, and hence differentiated into deep-layer neurons at the expense of 
superficial neuron generation. On the other hand, PARD3 overexpression drives over-
proliferation of RGPs by keeping them in an undifferentiated state. One year later, our 
lab published a paper in which more detailed investigation into the function of PARD3 
was conducted. This paper revealed the dynamic distribution of PARD3 in RGPs, and 
identified a direct association between asymmetric division of RGPs and PARD3. Upon 
examining the expression pattern of PARD3 at distinct cell phase, the authors reported 
a temporal distinct distribution pattern of PARD3: Whereas PARD3 exhibits 
preferential localization at ring-like junction structures in RGPs during interphase, it 
delocalized from the junction and become more dispersed in the cytosol of RGPs during 
mitosis. Furthermore, the authors discovered the asymmetric distribution of PARD3 in 
most of E14 dividing RGPs, and hence the uneven inheritance of PARD3 by the two 
daughter cells generated by RGPs.  Next the authors modified the level of PARD3 either 
by RNAi knockdown or by overexpression, and analyzed its role in regulating daughter 
cell fate specification and asymmetric cell division, they found that although both 
manipulations impair asymmetric division in E14 RGPs, the outcome of generated 
daughter cell fate is rather different. While PARD3 depletion results in symmetric 
terminal division and thus an increase in neuronal differentiation, overexpression 
triggers the presence of PARD3 in both daughter cells, and forces them become RGPs.  
Although both studies reported the division mode switch of RGPs from 
asymmetric division to symmetric terminal division upon PARD3 knockdown, the 
results are somehow the opposite of the studies done in zebrafish neural system 
(Alexandre et al., 2010; Dong et al., 2012). Whether the discrepancy simply comes from 
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the species difference? Is there a better way to investigate the function of endogenous 
PARD3 protein in asymmetric division of RGPs? Since RGPs serve as the neuronal 
progenitors in all regions of the central nervous system, what is the function of RGPs’ 
asymmetric division in other brain areas? Can PARD3 still be a conserved player 
regulating the division mode of RGPs in the regions other than neocortex? The first two 
questions set the foundation of the first part of my thesis work (chapter 2), in which the 
genetic PARD3 conditional knockout mouse model was used to study the function of 
this protein during neocortical development. Question 3 and 4 trigger the second part of 
my study (chapter 3), which is to explore the role of PARD3 during interneuron 
development.  
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Chapter 2 1PARD3 dysfunction in conjunction with dynamic HIPPO 
signaling drives cortical enlargement with massive heterotopia 
2.1 Introduction 
The cerebral cortex is responsible for all higher-order brain functions, such as 
sensory perception, motor control, and cognition. A defining feature of the cortex is its 
lamination. Individual laminae or layers are segregated largely by cell type and neuronal 
connections (Greig et al., 2013; Kwan et al., 2012). Therefore, laminar formation is of 
central importance to both the structural and functional development of the cortex. 
Cortical lamination relies on the intricate organization and behavior of radial glial cells, 
the principal progenitor cells responsible for producing neurons as well as glia in the 
cortex (Anthony et al., 2004; Florio and Huttner, 2014; Homem et al., 2015; Kriegstein 
and Alvarez-Buylla, 2009; Malatesta et al., 2000; Miyata et al., 2001; Noctor et al., 2001, 
2004; Tamamaki et al., 2001). Radial glial progenitors (RGPs) possess a highly 
characteristic morphology with the cell body located in the ventricular zone (VZ), a long 
radial glial fiber extending to the pia, and a short ventricular endfoot reaching the lateral 
ventricle (Rakic, 2003). Moreover, the cell bodies of RGPs in the VZ are organized in 
a pseudostratified manner and the neighboring ventricular endfeet form junctions at the 
luminal or apical surface of the VZ (i.e., the VZ surface) (Bultje et al., 2009; Chenn et 
al., 1998).  
                                                          
 
 
1Liu WA, Chen S, Li Z, Lee CH, Mirzaa G, Dobyns WB, Ross ME, Zhang J, and Shi SH. 
PARD3 dysfunction in conjunction with dynamic HIPPO signaling drives cortical 
enlargement with massive heterotopia. Genes Dev. 32: 763-780 (2018). 
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During cortical development, RGPs actively divide at the VZ surface. At the 
early stage (e.g., before embryonic day 11-12, E11-12, in mice), RGPs largely undergo 
symmetric proliferative division to amplify the progenitor pool (Florio and Huttner, 
2014; Homem et al., 2015; Kriegstein and Alvarez-Buylla, 2009). After that, RGPs 
predominantly undergo asymmetric neurogenic division to self-renew and 
simultaneously produce neurons either directly or indirectly via transit amplifying 
progenitors (TAPs), such as outer subventricular zone RGPs (oRGs; also known as basal 
RGPs or intermediate RGPs) and intermediate progenitors (IPs) that further divide in 
the subventricular zone (SVZ) (Betizeau et al., 2013; Englund et al., 2005; Fietz et al., 
2010; Hansen et al., 2010; Haubensak et al., 2004; Kelava et al., 2012; Noctor et al., 
2004; Reillo et al., 2011; Wang et al., 2011). RGPs also produce short neural precursors 
located in the VZ (Gal et al. 2006). While IPs are the predominant TAPs in the 
developing mouse cortex, additional types of TAPs with expanded neurogenic capacity 
are more abundant in the developing ferret and primate cortices (Betizeau et al., 2013; 
Fietz et al., 2010; García-Moreno et al., 2012; Geschwind and Rakic, 2013; Hansen et 
al., 2010). Towards the late stage, RGPs mostly undergo terminal neurogenic or 
differentiation division to exit the cell cycle, whereas a defined fraction remains 
proliferative to produce glial cells (Anthony et al., 2004; Gao et al., 2014; Kessaris et 
al., 2006; Noctor et al., 2004). Newborn neurons migrate radially along the mother radial 
glial fiber to progressively constitute future cortical layers in a birth date-dependent 
inside-out manner (Angevine and Sidman, 1961; Hatten, 1999; Marín and Rubenstein, 
2003; Noctor et al., 2001; Rakic, 1971, 1988; Thomsen et al., 2016). Early-born neurons 
occupy deep layers, whereas late-born neurons occupy superficial layers.  
The orderly processes of neurogenesis and neuronal migration supported by 
RGPs orchestrate the intricate development of the cortex to the correct size and form. 
In particular, asymmetric division of RGPs represents an elaborate balance of 
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proliferation and differentiation and is responsible for producing virtually all cortical 
neurons. However, the molecular underpinnings of RGP organization and asymmetric 
division remain poorly understood. Previous studies in C. elegans and Drosophila have 
identified key molecular pathways that control asymmetric cell division (Doe et al., 
1998; Jan and Jan, 2001; Kemphues, 2000; Knoblich, 2008; Wodarz and Huttner, 2003). 
Among them, the evolutionarily conserved Partitioning defective (PARD) protein 
complex, consisting of PARD3, PARD6, and atypical protein kinase C (aPKC), is at the 
top of the genetic regulatory hierarchy (Johnson and Wodarz, 2003). Notably, the PARD 
complex is abundantly expressed in the developing vertebrate nervous system (Manabe 
et al., 2002). Despite the fact that the PARD complex represents an essential entry point 
of dissecting the molecular control of vertebrate neural progenitor asymmetric division, 
its precise function in vertebrate neural progenitor remains debated (Alexandre et al., 
2010; Bultje et al., 2009; Costa et al., 2008; Dong et al., 2012). Thus far, a genetic 
deletion analysis of Pard3 in the mammalian brain has not yet been conducted. 
Moreover, the key signaling pathway that mediates the action of PARD3 in controlling 
RGP division behavior and orderly cortical development is largely unknown.  
Disruptions in neurogenesis and neuronal migration are well-known to cause 
cortical malformations and human diseases. Early defects in RGP division lead to brain 
growth dysregulation and changes in cortical size, such as microcephaly (small brain) 
and megalencephaly (large brain) (Bizzotto and Francis, 2015). On the other hand, 
aberrant neuronal migration results in cortical heterotopia, such as periventricular 
heterotopia (PH; neurons located along the ventricles) and subcortical band heterotopia 
(SBH; neurons located in the white matter under the cortex) (Bielas et al., 2004; Ross 
and Walsh, 2001). Interestingly, these abnormalities may co-exist in complex forms. 
For example, there have been individuals reported with megalencephaly and massive 
subcortical ribbon-like heterotopia, distinct from the classic SBH (Barkovich et al., 
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2012). The compound abnormalities in volume increase and massive heterotopia 
represent new types of human cortical malformations that are currently poorly 
understood.  
In this study, we found that loss of PARD3 in mouse cortical RGPs causes severe 
malformations of the cortex, including increased volume, systematic and drastic 
changes in neuronal subtype composition, and massive ribbon-like heterotopia. These 
defects in neuronal production and organization arise progressively from temporally 
distinct abnormal RGP mitotic behaviors regulated by dynamic HIPPO as well as 
NOTCH signaling. The mutant mice exhibit elevated seizure susceptibility. 
Interestingly, simultaneous removal of Yes-associated protein (YAP) and 
Transcriptional co-activator with PDZ-binding motif (WWTR1/TAZ), two essential 
effectors of the HIPPO pathway, suppresses cortical enlargement and giant heterotopia 
formation caused by PARD3 loss. Together, our findings define a key molecular 
program controlling RGP behavior and cortical organization and provide insights into 
unusual cortical malformation characterized by megalencephaly with giant ribbon-like 
heterotopia and epilepsy.  
2.2 Results 
2.2.1 Pard3 deletion in RGPs leads to an enlarged cortex with giant SBH  
To dissect the molecular control of RGP organization and division underlying 
mammalian cortical development, we generated a conditional Pard3 mutant mouse line, 
Pard3fl/fl (fl, floxed; see Methods), and crossed it to the Emx1-Cre mouse line, in which 
Cre recombinase is selectively expressed in RGPs of the developing cortex starting at 
~embryonic day (E) 9.5 (Gorski et al., 2002). While PARD3 was abundantly expressed 
in RGPs, especially at the VZ surface, in the littermate wild type control cortex, it was 
depleted in the VZ of the Emx1-Cre;Pard3fl/fl conditional knockout (referred to as Pard3 
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cKO hereafter) cortex at E12.5 (Figure 2.1A, arrows and insets). The residual PARD3 
expression near the pial surface was likely from migrating interneurons originated from 
the ventral telencephalon or post-mitotic neurons produced prior to Cre recombination 
(Figure 2.1A, asterisks). Western blot assay also showed a drastic loss of PARD3 
expression in the Pard3 cKO cortex compared to the control (Figure 2.1B). Notably, 
while PARD3 was ablated in RGPs, no obvious defects in junction organization and 
centrosome localization at the VZ surface were observed at this stage (Figure 2.2A-D). 
Figure 2.1: PARD3 protein is selectively deleted in the neocortical RGPs in Pard3 
cKO brains.  
(A) Representative confocal images of E12.5 control and Pard3 cKO cortices stained 
for PARD3 (red) and counter-stained for DAPI (blue). High-magnification images of 
the VZ surface (broken line rectangles and arrows) are shown at the bottom. Asterisks 
indicate the residual PARD3 signal in the cortical plate likely in migrating interneurons 
originated from the ventral telencephalon or post-mitotic neurons produced prior to the 
Cre recombination. Scale bars: 150 m (top) and 20 m (bottom). (B) Western blot 
assay of PARD3 expression in control and Pard3 cKO cortices using an antibody 
against the N-terminus of PARD3. Note that the expression of both the long (~180 KDa) 
and short (~100 KDa) isoforms of PARD3 is largely abolished in the Pard3 cKO cortex. 
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Figure 2.2: Pard3 deletion does not disrupt junction integrity initially.  
(A) Representative confocal images of E12.5 control and Pard3 cKO cortices stained 
for centrosomal marker PCNT (red) and junction marker ZO-1 (green) and counter-
stained for DAPI (blue). High-magnification images of the VZ surface (broken line 
rectangles) are shown at the bottom. Note no obvious junction disruption in the Pard3 
cKO cortex at this stage. Scale bars: 20 m (top) and 10 m (bottom). (B, C) 
Representative confocal images of E12.5 control and Pard3 cKO cortices stained for N-
CADHERIN (green, D) and -CATENIN (red, E), and counter-stained for DAPI (blue). 
Scale bars: 10 m. (D) Representative confocal images of control and Pard3 cKO 
cortices stained for centrosomal marker PCNT (green) and junction marker ZO-1 (red), 
and counter-stained for DAPI (blue) at E13.5 (left), E15.5 (middle) and E17.5 (right). 
Arrows indicate the junction disruption at E15.5 and E17.5. Scale bar: 30 m. 
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Pard3 cKO mice were born at the expected frequency and survived to adulthood.  
The brain of Pard3 cKO mice appeared similar to that of littermate control mice at 
postnatal day (P) 21-30 (Figure 2.3A). However, histological examination revealed a  
striking phenotype in the Pard3 cKO cortex compared with the control (Figure 2.3B). 
A massive ribbon-like tissue mass was found underneath an apparently layered but 
thinner cortex. The heterotopic cortical tissue ('HC', asterisks) exceeded the seemingly 
normotopic cortex ('NC') in thickness in the mediodorsal region, where the expression 
of Cre recombinase initiates (Gorski et al., 2002; Li et al., 2003), and the overall cortical 
region was thicker in the Pard3 cKO brain than in the control (Figure 2.3B, right).  
 
 
Figure 2.3: Pard3 deletion in RGPs leads to an enlarged cortex with giant SBH.  
(A) Representative whole-mount images of control and Pard3 cKO brains at P21. Scale 
bar: 2.5 mm. (B) Representative Nissl staining images of the control and Pard3 cKO 
brain coronal sections at P21. Asterisks indicate the giant heterotopia. High-
magnification images of the cortex (broken lines) are shown to the right. Double-headed 
arrows indicate the overall thickness of the cortex. ‘NC’ stands for the normotopic 
cortex and ‘HC’ stands for the heterotopic cortex. Scale bars: 1.25 mm (left) and 25 m 
(right). 
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Given that the 'NC' and 'HC' in the Pard3 cKO brain harbored the neural progeny 
of cortical RGPs marked by Emx1-Cre, they were both considered as the cortical tissue. 
Of note, selective deletion of Pard3 in post-mitotic neurons using the Nex-Cre mice 
(Schwab et al. 2000) did not cause any obvious defect in cortical development (Figure 
2.4A-D). Together, these results suggest that selective removal of PARD3 in RGPs, but 
not in post-mitotic neurons, leads to a thicker cortex with massive ribbon-like 
heterotopia.  
To determine whether the heterotopia in the Pard3 cKO cortex represents PH or 
SBH, we stained brain sections with antibodies against SMI-312 (green), a pan-axonal 
neurofilament protein, and ISOLECTIN B4 (red) that labels blood vessels (Figure 2.5). 
We found that the heterotopia was surrounded by the axonal fibers and contained blood 
vessels, indicative of SBH in nature. No obvious change in the number of blood vessels 
was observed (Figure 2.5), consistent with the fact that Cre is not expressed in blood 
vessels in Emx1-Cre. In line with the increase in cortical thickness, the whole-brain 
magnetic resonance imaging (MRI) analysis showed that the cortical volume in the 
Pard3 cKO brain including the giant heterotopia (orange, asterisks) was substantially 
larger than that of the control (Figure 2.6A-C). These results demonstrate that PARD3 
removal in RGPs results in an enlarged cortex with giant SBH.  
2.2.2 Pard3 cKO mice display increased seizure susceptibility 
Cortical heterotopia is often associated with epilepsy in humans (Watrin et al., 
2015). Mice with cortical heterotopia show different seizure susceptibilities depending 
on the genetic mutations (Croquelois et al., 2009; Gabel et al., 2013). To examine the 
seizure susceptibility of adult (3-4 months old) Pard3 cKO and littermate control mice, 
we administered pilocarpine, a commonly used chemoconvulsant for seizure induction 
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Figure 2.4: Pard3 deletion in postmitotic neurons fails to result in the giant 
heterotopia. 
(A) Representative Nissl-stained images of P21 control and Nex-Cre;Pard3 cKO brain 
coronal sections. Not on obvious defect in cortical development in the Nex-Cre;Pard3 
cKO brain. Scale bar: 1.25 mm. (B) Representative confocal images of P21 control and 
Nex-Cre;Pard3 cKO cortices stained for layer V/VI neuronal marker CTIP2 (green) and 
layer II-IV neuronal marker CUX1 (red), and counter-stained with DAPI (blue). Scale 
bars: 70 m. (C, D) Quantification of the number of CTIP2+ cells (C) and CUX1+ cells 
(D) per 300 m radial column in control and Nex-Cre;Pard3 cKO  mice at P21 (n=6 
per genotype; unpaired two-tailed t-test with Welch's correction). Box-whisker plot: 
center line, median; box, interquartile range; whiskers, minimum and maximum. 
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Figure 2.5: The heterotopia in the Pard3 cKO cortex represents SBH. 
(A) Representative confocal images of P21 control and Pard3 cKO coronal sections 
stained for pan-axonal neurofilament marker SMI-312 (green), and blood vessel marker 
ISOLECTIN B4 (red), and counter-stained with DAPI (blue). High-magnification 
images of the cortices (broken line rectangles) are shown at the bottom. Asterisks 
indicate the giant SBH. Note the two axonal tracts surrounding the SBH and the 
abundance of blood vessels within the SBH. Scale bars: 150 m (top) and 70 m 
(bottom). 
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Figure 2.6: The whole-brain magnetic resonance imaging (MRI) analysis of the 
Pard3 cKO cortex.  
(A) Three-dimensional rendering images of the control and Pard3 cKO brains at P21 
based on MRI data. The normotopic cortex is highlighted in yellow and the heterotopia 
is highlighted in orange. (B) Representative fractional anisotropy (FA) maps of the 
control and Pard3 cKO brains at P21 along the rostrocaudal axis. Broken lines indicate 
the overall cortical tissue, and asterisks indicate the giant heterotopia. Scale bar: 1 mm. 
(C) Quantification of the whole cortical volume (n=7 brains per genotype; unpaired 
two-tailed t-test with Welch's correction). Box-whisker plot: center line, median; box, 
interquartile range; whiskers, minimum and maximum. 
 
(Kandratavicius et al. 2014), to animals and continuously monitored their behavioral 
response for 100 minutes (Figure 2.7). Remarkably, all five Pard3 cKO mice began to 
seize as soon as 10 minutes post injection and progressed to severe seizure behaviors 
ranging from violent convulsions to generalized seizures that lasted for 30-60 seconds, 
and two of them died from the seizures towards the end of the observation period. In 
contrast, none of the littermate controls exhibited severe seizure symptoms similar to 
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that of Pard3 cKO mice. While three out of five control mice developed mild clonic 
episodes such as single or multiple short jerks for 1-2 seconds, the other two mice did 
not show any obvious seizure-like activity throughout the entire period. These results 
suggest that Pard3 cKO mice exhibit increased seizure susceptibility compared with the 
control. 
Figure 2.7: Pard3 cKO mice display increased seizure susceptibility.  
(A) Behavioral responses of the control (black lines, n=5) and Pard3 cKO (red lines, 
n=5) mice at 3-4 months of age upon pilocarpine administration. 
2.2.3 Systematic alterations in neuronal composition in Pard3 cKO cortex 
The enlarged cortex in the Pard3 cKO brain including the NC and HC indicates 
abnormalities in neuronal production. To determine this, we stained P21 brain sections 
with antibodies against FOXP2 (Figure 2.8A), a layer VI neuronal marker, or SATB2 
(Figure 2.8C), a pan-neuronal marker with enrichment in superficial layers (Greig et al. 
2013). As expected, FOXP2+ neurons were predominantly located in the deep layer VI 
in the control cortex (Figure 2.8A, left). Notably, a much thinner band of FOXP2+ 
neurons in the NC, in addition to a few scattered ones in the HC, was found in the Pard3 
cKO brain (Figure 2.8A, right). The density as well as the total number of FOXP2+ 
neurons was significantly decreased in the Pard3 cKO cortex compared with the control  
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Figure 2.8: Pard3 deletion leads to systematic alterations in neuronal composition 
in the cortex.  
(A) Representative confocal images of P21 control and Pard3 cKO cortices stained for 
layer VI neuronal marker FOXP2 (green) and counter-stained with DAPI (blue). Scale 
bar: 70 m. (B) Quantification of the number of FOXP2+ cells per 300 m radial column 
in control and Pard3 cKO mice at P21 (n=4 brains per genotype; unpaired two-tailed t-
test with Welch's correction). (C) Representative confocal images of P21 control and 
Pard3 cKO cortices stained for layer II/III/V neuronal marker SATB2 (red) and counter-
stained with DAPI (blue). Scale bars: 70 m. (D) Quantification of the number of 
SATB2+ cells per 300 m radial column in control and Pard3 cKO mice at P21 (n=4 
brains per genotype; unpaired two-tailed t-test with Welch's correction). (E) 
Representative images of P21 control and Pard3 cKO cortices stained for layer V/VI 
neuronal marker CTIP2 (green) and layer II-IV neuronal marker CUX1 (red), and 
counter-stained with DAPI (blue). Scale bars: 70 m. (F) Quantification of the number 
of CTIP2+ (left) and CUX1+ (right) cells per 300 m radial column in control and Pard3 
cKO mice at P21 (n=4 brains per genotype; unpaired two-tailed t-test with Welch's 
correction). (G) Quantification of the relative ratio of the respective neuronal (FOXP2, 
CTIP2, SATB2, and CUX1) numbers in Pard3 cKO versus control cortices (n=4 brains 
per genotype; Chi-square test for linear trend). Note a progressive change in neuronal 
composition. (H) Percentage of FOXP2+ (blue), CTIP2+ (red), and CUX1+ (green) cells 
in control and ‘NC’ and ‘HC’ of Pard3 cKO cortices at P21 (n=4 brains per genotype; 
Chi-square test). Data are presented as mean ± SEM. For all box-whisker plots: center 
line, median; box, interquartile range; whiskers, minimum and maximum. 
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(Figure 2.8A, B and Figure 2.9A, B). In contrast, we observed a substantial increase 
in the density and total number of SATB2+ neurons in the Pard3 cKO cortex compared 
with the control (Figure 2.8C, D and Figure 2.9C, D). Together, these results suggest  
Figure 2.9: Pard3 deletion leads to systematic alterations in the total number of 
excitatory neurons.  
(A) Representative confocal images of P21 control and Pard3 cKO coronal brain 
sections stained for layer VI neuronal marker FOXP2 (green) and counter-stained with 
DAPI (blue). Scale bar: 1 mm. (B) Quantification of the total number of FOXP2+ 
cortical neurons per section in control and Pard3 cKO mice at P21 (n=8 per genotype; 
unpaired two-tailed t-test with Welch's correction). (C) Representative confocal images 
of P21 control and Pard3 cKO coronal brain sections stained for layer II/III/V neuronal 
marker SATB2 (red) and counter-stained with DAPI (blue). Scale bars: 1 mm. (D) 
Quantification of the total number of SATB2+ cortical neurons per section to the NC. in 
control and Pard3 cKO mice at P21 (n=6 per genotype; unpaired two-tailed t-test with 
Welch's correction).  
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that PARD3 removal in RGPs leads to a reduced production of deep layer neurons and 
a concomitant overproduction of superficial layer neurons.   
To further characterize neuronal changes, we stained sections with antibodies 
against CTIP2 (green), a layer V/VI neuronal marker, and CUX1 (red), a layer II/III/IV 
neuronal marker (Greig et al. 2013) (Figure 2.8E). Compared with the control, we 
observed similarly positioned but thinner layers of CUX1+ and CTIP2+ neurons in the 
NC of the Pard3 cKO brain (Figure 2.8E). On the other hand, neurons in the HC were 
predominantly CUX1+ neurons with a few scattered CTIP2+ neurons. Consequently, 
while the total density of CTIP2+ neurons was comparable between the control and 
Pard3 cKO cortices (Figure 2.8F, left), the total density of CUX1+ neurons in the Pard3 
cKO cortex was nearly double that of the control cortex (Figure 2.8F, right). These 
results further demonstrate that PARD3 removal in RGPs leads to an excessive 
production of superficial layer neurons that predominantly occupy the HC in addition 
to the NC.  
Interestingly, in comparison with the control, the changes in neuronal 
composition in the Pard3 cKO cortex were systematic and progressive depending on 
laminar identity (Figure 2.8G). While the deep layer VI FOXP2+ neurons were 
significantly reduced, the superficial layers II-IV CUX1+ as well as SATB2+ neurons 
were concurrently and robustly increased. As a result, the total number of neurons in 
the cortex and the cortical volume were substantially increased. In addition, while the 
NC in the Pard3 cKO brain contained a similar proportion of deep and superficial layer 
neurons to the control brain, the HC harbored predominantly superficial layer neurons 
(Figure 2.8H). Coinciding with an overall increase in neuronal production, we also  
observed an increase in the number of glial cells in the Pard3 cKO cortex (Figure 2. 
10A-C). Together, these results suggest that PARD3 removal in RGPs leads to a gradual 
but dramatic shift towards the production of late-born neurons at the expense of early-
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born neurons, resulting in the formation of an enlarged cortex with two distinct parts: 
the NC with a relatively normal lamination but reduced in size, and the HC with no 
lamination and excessive superficial layer neurons.  
Figure 2.10: Pard3 deletion leads to the overproduction of glial cells.  
(A) Representative confocal images of P21 control and Pard3 cKO cortices stained for 
astrocyte marker S100 (green) and oligodendrocyte marker OLIG2 (red), and counter-
stained for DAPI (blue). Scale bar: 70 m. (B, C) Quantification of the number of 
OLIG2+ (B) and S100+ cells (C) per 300 m radial column in P21 control and Pard3 
cKO mice (n=6 per genotype; unpaired two-tailed t-test with Welch's correction). For 
all box-whisker plots: center line, median; box, interquartile range; whiskers, minimum 
and maximum. 
2.2.4 Pard3 deletion causes abnormal RGP dynamics and organization  
To understand the origins of altered neurogenesis and lamination in the Pard3 
cKO cortex, we next examined RGP behavior and organization at the embryonic stage. 
We systematically stained brain sections across the entire period of embryonic cortical 
development (i.e., E11.5-17.5) with an antibody against PAX6, a transcription factor 
highly expressed in cortical RGPs (Englund et al., 2005; Götz et al., 1998). While there 
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was no obvious change in the number or localization of PAX6+ RGPs at E11.5, we 
observed a significant increase in the number of PAX6+ RGPs in the VZ as well as 
outside of the VZ (i.e., extra-VZ, asterisks) at E12.5 in the Pard3 cKO cortex compared 
with the control (Figure 2.11A). Moreover, as development proceeded, RGPs in the 
Pard3 cKO cortex exhibited distinct dynamic changes in the number and localization 
(Figure 2.11A, B). While the density of RGPs in the control cortex remained largely 
comparable between E13.5-17.5, it exhibited a time-dependent biphasic change in the 
Pard3 cKO cortex (Figure 2.11B, left). It increased and peaked at E15.5, and then 
rapidly decreased after that. The changes in the VZ and extra-VZ appeared to be 
different (Figure 2.11B, middle and right). Compared with the control, the density of 
RGPs in the VZ briefly increased at E12.5 and then gradually decreased after E13.5 
(Figure 2.11B, middle), whereas the density in the extra-VZ gradually increased till 
E15.5 and then decreased (Figure 2.11B, right). Consistent with their RGP identity, 
PAX6+ cells in both the VZ and extra-VZ expressed brain lipid-binding protein (BLBP) 
– a bona fide RGP marker (Hartfuss et al. 2001; Anthony et al. 2004) (Figure 2.12), but 
not HOPX (Figure 2.13A), PTPRZ1 (Figure 2.13B), or TNC (Figure 2.13C) – 
previously suggested oRG markers (Pollen et al., 2015; Thomsen et al., 2016). While 
the VZ PAX6+ cells possessed a typical bipolar morphology with a long radial glial fiber 
reaching the pia (Figure 2.14A), the ectopic PAX6+ cells in the extra-VZ possessed 
mostly a multi-polar morphology with several short processes but no obvious single 
long basal process (Figure 2.14B-C), indicating that they are not typical oRGs 
previously characterized in the developing mouse cortex (Wang et al. 2011). Based on 
their expression of PAX6 and BLBP as well as their mitotic behavior (e.g., symmetric 
proliferation; see later Figures), we considered them RGPs or RG-like progenitors. 
Together, these results show that PARD3 removal leads to abnormal dynamic changes 
in RGP number and organization, but not oRG generation, in the embryonic cortex.  
37 
 
Figure 2.11: Pard3 deletion causes abnormal RGP dynamics and organization in 
the embryonic cortex.  
(A) Representative confocal images of control and Pard3 cKO cortices stained for RGP 
marker PAX6 (green) and counter-stained with DAPI (blue) from E11.5 to E17.5. 
Double-headed arrows indicate the VZ and asterisks indicate ectopic RGPs or RG-like 
progenitors. Scale bars: 30 m. (B) Quantification of the number of PAX6+ cells per 
200 m radial column in the entire cortex (left), the VZ (middle), and outside the VZ 
(i.e., extra-VZ; right) in control (blue) and Pard3 cKO (red) mice. E11.5: control, n=4; 
Pard3 cKO, n=6; E12.5: control, n=6; Pard3 cKO, n=4; E13.5: control, n=4; Pard3 
cKO, n=4; E14.5: control, n=6; Pard3 cKO, n=5; E15.5: control, n=5; Pard3 cKO, n=4; 
E16.5: control, n=4; Pard3 cKO, n=10; E17.5: control, n=4; Pard3 cKO, n=4. Data are 
presented as mean ± SEM. Two-tailed Mann-Whitney test was used to assess statistical 
significance. 
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Figure 2.12: Ectopic PAX6+ RGPs express BLBP.  
(A) Representative confocal images of E13.5 control and Pard3 cKO cortices stained 
for PAX6 (green) and a bona-fide RGP marker BLBP (red), and counter-stained for 
DAPI (blue). High-magnification images of the VZ (areas 1) and extra-VZ (areas 2) are 
shown to the right. Broken line polygons indicate the cell bodies of representative 
progenitors in each group. Scale bars: 30 m (left) and 10 m (right). 
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Figure 2.13: Ectopic RGPs in Pard3 cKO cortex do not express oRG markers.  
(A) Representative confocal images of E13.5 control and Pard3 cKO cortices stained 
for PAX6 (green) and oRG marker HOPX (red), and counter-stained for DAPI (blue). 
Asterisk indicates ectopic PAX6+ progenitors in Pard3 cKO cortex. Scale bars: 30 m. 
(B) Representative images of E13.5 control and Pard3 cKO cortices stained for PAX6 
(green) and oRG marker PTPRZ1 (red), and counter-stained for DAPI (blue). High 
magnification images of the cortex (broken line rectangles) are shown to the right. 
Arrows indicate PTPRZ1 signal in the LGE. Asterisk indicates ectopic PAX6+ 
progenitors in Pard3 cKO cortex.  Scale bars: 100 m (left) and 30 m (right). (C) 
Representative images of E13.5 control and Pard3 cKO cortices stained for PAX6 
(green) and oRG marker TNC (red), and counter-stained for DAPI (blue). High 
magnification images of the cortex (broken line rectangles) are shown to the right. 
Arrows indicate TNC signal in the LGE. Asterisk indicates ectopic PAX6+ progenitors 
in Pard3 cKO cortex.  Scale bars: 100 m (left) and 30 m (right). 
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Figure 2.14: Morphological analysis of RGPs in Pard3 cKO cortex.  
(A) Representative confocal images of the Pard3 cKO cortex received in utero 
intraventricular injection of low-titer EGFP-expressing retrovirus at E13.5, stained for 
PAX6 (red) and EGFP (green), and counter-stained with DAPI (blue) at E14.5. Filled 
arrowheads show the long radial glial fiber of a PAX6+ RGP in the VZ reaching the pia 
surface. High-magnification images of an EGFP-expressing, PAX6- differentiating 
progeny closely associated with the radial glial fiber (broken line square) are shown to 
the right. Scale bars: 30 m (left) and 10 m (right). (B) Representative confocal images 
of E14.5 control and Pard3 cKO cortices stained for PAX6 (red) and pVIMENTIN 
(green), and counter-stained for DAPI (blue). High-magnification images of dividing 
RGPs in the VZ (areas 1) and extra-VZ (area 2) are shown to the right. Broken line 
polygons indicate the cell bodies of representative dividing RGPs in each group. RGP 
fibers are highlighted by arrowheads. Asterisk indicates ectopic PAX6+ progenitors in 
Pard3 cKO cortex. Scale bars: 30 m (left) and 10 m (right). (C) Representative 
confocal images of the Pard3 cKO cortex received in utero intraventricular injection of 
EGFP-expressing retrovirus at E12.5, stained for PAX6 (red) and EGFP (green), and 
counter-stained for DAPI (blue) at E14.5. High-magnification images of EGFP-
expressing PAX6+ RGPs in extra-VZ (broken line rectangle) are shown to the right. 
Broken line polygons indicate the cell bodies of the representative RGPs. Note that the 
ectopic PAX6+ cells grow multiple short processes. Scale bars: 30 m (left) and 10 m 
(right). 
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Consistent with the giant SBH formation, PARD3 removal also disrupted neuronal 
migration in the developing cortex (Figure 2.15).  
Figure 2.15: PARD3 removal disrupts neuronal migration in the developing cortex. 
(A) Representative confocal images of the control and Pard3 cKO cortices received in 
utero intraventricular electroporation of DsRed-expressing plasmid at E13.5, stained for 
PAX6 (red) and EGFP (green), and counter-stained with DAPI (blue) at E16.5. High-
magnification images (broken line areas 1 and 2) are shown to the right. Image of 
representative cells with a bipolar morphology in the SVZ/IZ is shown as the inset. 
Note that, while a significant fraction of DsRed-expressing cells migrates to the cortical 
plate in the control cortex, very few DsRed-expressing cells are found in the cortical 
plate of the Pard3 cKO cortex (control, 31.0±2.4%; Pard3 cKO, 1.9±1.1%; n=3 per 
genotype; p<0.0001; unpaired two-tailed t-test with Welch's correction; mean ± SEM). 
Scale bars: 150 m (left) and 30 m (middle) and 10 m (right). 
 
The changes in RGP number and localization in the Pard3 cKO cortex occurred 
at E12.5 and E13.5, prior to any obvious defect in the junction and apical domain 
organization at the VZ surface (Figure 2.2), suggesting that the original defects in the 
Pard3 cKO cortex arise from abnormal behavior of RGPs, but not junction or VZ 
disorganization. Consistent with this, we observed a significant increase in the number 
of dividing cells at the VZ surface in the Pard3 cKO cortex at E11.5 (Figure 2.16A, B). 
Notably, this increase in mitosis appeared before any significant change in the overall  
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Figure 2.16: Pard3 deletion leads to biphasic changes in the number and 
localization of the dividing cells.  
(A) Representative confocal images of control and Pard3 cKO cortices stained for 
mitotic cell marker pHH3 (red) and counter-stained for DAPI (blue) at E11.5 (top left), 
E13.5 (top right), E15.5 (bottom left) and e17.5 (bottom right). Scale bars: 30 m. (B) 
Quantification of the number of pHH3+ cells per 200 m radial column at the VZ surface 
(top), extra-VZ surface (middle), or in the entire cortex (bottom) of the control (blue 
broken line) and Pard3 cKO (red broken line) mice (two-tailed Mann-Whitney test). 
Data are presented as mean ± SEM. E11.5: control, n=4; Pard3 cKO, n=6; E12.5: 
control, n=6; Pard3 cKO, n=4; E13.5: control, n=4; Pard3 cKO, n=4; E14.5: control, 
n=6; Pard3 cKO, n=5; E15.5: control, n=5; Pard3 cKO, n=4; E16.5: control, n=4; 
Pard3 cKO, n=10; E17.5: control, n=4; Pard3 cKO, n=4. 
 
density of RGPs (Figure 2.11). Together, these results suggest that PARD3 removal 
changes the mitotic behavior of RGPs. The increase in mitotic cells at the VZ surface 
persisted at E12.5 (Figure 2.16B, top). Interestingly, we observed a robust and 
progressive increase in the number of mitotic cells away from the VZ surface between 
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E11.5 and E15.5 in the Pard3 cKO cortex (Figure 2.16B, middle). As a result, the total 
number of mitotic cells increased until E15.5 (Figure 2.16B, bottom). Consistent with 
the biphasic changes in RGP number and localization, we also observed a rapid and 
significant decrease in the number of mitotic cells at the VZ surface as well as away 
from the VZ surface after E15.5 (Figure 2.16B).  
During cortical neurogenesis, RGPs divide at the VZ surface to produce neurons 
as well as IPs that continue to divide in the SVZ (Haubensak et al. 2004; Noctor et al. 
2004; Englund et al. 2005). The increase in extra-VZ surface division in the Pard3 cKO 
cortex may be attributable to IPs. To test this, we examined the production and 
organization of IPs (Figure 2.17). We stained brain sections with an antibody against 
TBR2 (red), a T-box transcription factor highly expressed in IPs (Englund et al. 2005). 
As expected, TBR2+ IPs were predominantly found in the SVZ of the control cortex 
(Figure 2.17A, left). In contrast, TBR2+ IPs were frequently observed in the SVZ as 
well as the intermediate zone (IZ) and cortical plate (CP) (asterisks) (Figure 2.17A, 
right), where ectopic PAX6+ RGPs were located, in the Pard3 cKO cortex. Interestingly, 
the relative ratio of TBR2+ IPs to PAX6+ RGPs was significantly lower in the Pard3 
cKO cortex than in the control cortex across the embryonic stages (Figure 2.17B), 
indicating an overall reduction in IP generation by RGPs lacking PARD3. Collectively, 
these results suggest that PARD3 removal drastically alters the mitotic behavior and 
organization of RGPs, leading to dynamic changes in the number and localization of 
RGPs, as well as IPs.  
2.2.5 Pard3 deletion promotes RGP symmetric proliferation at early neurogenic 
phase  
To further dissect progenitor behavior that may be responsible for altered 
neurogenesis and enlarged cortex with massive heterotopia in the Pard3 cKO brain, we  
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Figure 2.17: Pard3 deletion causes a reduction in IP generation by RGPs.  
(A) Representative confocal images of control and Pard3 cKO cortices stained for 
PAX6 (green) and IP marker TBR2 (red), and counter-stained for DAPI (blue) at E13.5 
(left), E15.5 (middle), and E17.5 (right). Asterisks indicate ectopic RGPs and IPs in the 
IZ and CP. Scale bar: 30 m. (B) The TBR2/PAX6 ratio in control (broken blue line) 
and Pard3 cKO (broken red line) mice at E13.5, E15.5 and E17.5 (n=4 per genotype; 
two-tailed Mann-Whitney test). Data are presented as mean ± SEM.  
 
examined the cell cycle exit index of cortical progenitors prior to E15.5, when a 
progressive increase in RGPs was observed (Figure 2.11). A single pulse of EdU was 
administered at E13.5 and brains were extracted at E14.5 and stained for the 
proliferative marker Ki67 (Figure 2.18A). We analyzed the fraction of EdU+ cells that 
were Ki67- (i.e., exited the cell cycle) and found that there was a significant reduction 
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Figure 2.18: Pard3 deletion promotes RGP symmetric proliferation at early 
neurogenic phase.  
(A) Representative confocal images of E14.5 control and Pard3 cKO cortices stained 
for proliferating marker Ki67 (green) and EdU (red), and counter-stained with DAPI 
(blue). Schematic protocol of the cell cycle exit assay is shown at the top. High-
magnification images (broken lines) are shown at the bottom. Arrows indicate 
Ki67+/EdU+ progenitors and arrowheads indicate Ki67-/EdU+ post-mitotic cells. Scale 
bars: 30 m (top) and 5 m (bottom). (B) Quantification of the cell cycle exit index in 
control and Pard3 cKO cortices at E14.5 (n=3 per genotype; unpaired two-tailed t-test 
with Welch's correction). Box-whisker plot: center line, median; box, interquartile range; 
whiskers, minimum and maximum. (C) Representative images of EGFP-expressing 
retrovirus-labeled two-cell clones stained with EGFP (green), PAX6 (red), and Ki67 
(grey) in E14.5 control and Pard3 cKO cortices. Schematic protocol of in vivo RGP 
division pattern assay is shown at the top. High-magnification images of representative 
clones (broken line rectangles) are shown to the right. Broken line polygons indicate the 
cell bodies of EGFP-expressing cells. Note that the clone in the control cortex is 
composed of one bipolar PAX6+/Ki67+ RGP and one multi-polar PAX6-/Ki67- neuron, 
whereas the clone in the Pard3 cKO cortex is composed of two PAX6+/Ki67+ RGPs 
with a multi-polar morphology. Scale bars: 30 m (left), 15 m (middle), and 5 m 
(right). (D) Representative 3D reconstruction images of a cortical hemisphere with all 
EGFP-labeled clones in control (top) and Pard3 cKO (bottom) embryos. Colored lines 
represent the pial surface and the lateral ventricle; Green filled circles represent RGPs, 
yellow filled circles represent IPs, and red filled circles represent Ns. (E) Percentage of 
EGFP-labeled RGP-IP/N (green), IP-IP or N-N (red), and RGP-RGP (blue) clones in 
control (n=4) or Pard3 cKO (n=4) embryos at E14.5 (Chi-square test).  
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in cell cycle exit in the Pard3 cKO cortex, compared with the control (Figure 2.18B).  
The reduced rate of cell cycle exit is consistent with an overproduction of RGPs 
(Figure 2.11) and also suggests a change in the division mode of RGPs. To test this, we 
performed in vivo clonal analysis to directly examine the division mode of RGPs 
(Figure 2.18C). We injected serially diluted, low-titer retroviruses expressing enhanced 
green fluorescent protein (EGFP) into the lateral ventricle at E13.5 and recovered the 
brains at E14.5 for analysis. To assess the division mode of labeled RGPs, brains were 
serially sectioned and stained with antibodies against PAX6 and Ki67. We identified all 
sparsely labeled cell pairs in the cortex that originated from individual dividing RGPs 
by three-dimensional (3D) reconstruction (Figure 2.18C, D). In these experiments, 
PAX6+/Ki67+, PAX6-/Ki67+, and PAX6-/Ki67- cells corresponded to RGPs, IPs, and 
neurons (Ns), respectively. As expected, the majority of cell pairs in the control cortex 
contained a bipolar RGP and a multi-polar IP or N (Figure 2.18C top, 2.18D top, 
2.18E), indicating asymmetric neurogenic division. In contrast, the vast majority of cell 
pairs in the Pard3 cKO cortex contained two RGPs (Figure 2.18C bottom, 2.18D 
bottom, 2.18E), indicating symmetric proliferative division. Notably, the RGP pairs 
observed in the Pard3 cKO cortex often exhibited a multi-polar morphology and were 
located outside the VZ (Figure 2.18C bottom and Figure 2.14C). Together, these 
results suggest that PARD3 removal leads to a switch in RGP division mode from 
asymmetric neurogenic division to symmetric proliferative division. This division mode 
switch would account for the progressive overproduction of RGPs at the early phase of 
cortical neurogenesis and the concomitant loss of early-born deep layer neurons. 
2.2.6 Pard3 deletion promotes RGP differentiation and accelerates neurogenesis at 
late neurogenic phase 
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While the production of early-born neurons was reduced due to abnormal 
symmetric proliferation of RGPs, the cortical volume was increased with excessive late-
born neurons in the Pard3 cKO brain. These results indicate an accelerated neurogenesis 
at the late embryonic stage. To test this, we examined the embryonic production of 
SATB2+ neurons (Figure 2.19). At E15.5, the density of SATB2+ neurons in the Pard3 
cKO cortex was significantly lower than that in the control cortex (Figure 2.19A, left 
and 5B). In sharp contrast, at E17.5, the density of SATB2+ neurons in the Pard3 cKO 
cortex was substantially higher than that in the control cortex (Figure 2.19A, right and 
5B). This accelerated increase in SATB2+ neurons between E15.5 and E17.5 in the 
Pard3 cKO cortex occurred predominantly below the CP (the future HC), whereas the 
rate of increase in the CP (the future NC) was similar to that in the control cortex (Figure 
2.19C). An accelerated production of CTIP2+ neurons was also observed in the Pard3 
cKO cortex (Figure 2.20). Together, these results suggest that PARD3 removal leads 
to an accelerated neurogenesis at the late neurogenic phase, predominantly producing 
superficial layer neurons that occupy the future HC. 
To further understand the cellular basis of the accelerated neurogenesis, we 
examined the division mode of RGPs in vivo at the late neurogenic stage (i.e., after 
E15.5) by performing in vivo clonal analysis (Figure 2.19D). In the control cortex, the 
vast majority of sparsely labeled cell pairs contained a RGP and an IP or neuron (Figure 
2.19D top, 2.19E top, 2.19F), indicative of asymmetric neurogenic division. In contrast, 
in the Pard3 cKO cortex, a large fraction of sparsely labeled cell pairs contained two 
IPs or two neurons (Figure 2.19D bottom, 2.19E bottom, 2.19F), indicative of 
symmetric differentiation/neurogenic division. Together, these results suggest that 
PARD3 removal results in a switch in RGP division mode from asymmetric neurogenic 
division to symmetric differentiation division at the late neurogenic phase. Notably, 
PARD3 removal also led to a randomization of the mitotic spindle orientation of  
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Figure 2.19: Pard3 deletion promotes RGP symmetric differentiation and 
accelerates neurogenesis at late neurogenic phase.  
(A) Representative confocal images of control and Pard3 cKO cortices stained for layer 
II/III/V neuronal marker SATB2 (red) and counter-stained with DAPI (blue) at E15.5 
(left) and E17.5 (right). Asterisks indicate SATB2+ neurons located below the CP (i.e. 
the future ‘HC’). Scale bar: 30 m. (B) Quantification of the number of SATB2+ cells 
per 200 um radial column of the control (n=3, blue) and Pard3 cKO (n=4, red) embryos 
at E15.5 and E17.5 (unpaired two-tailed t-test with Welch's correction). Data are 
presented as mean ± SEM. (C) Quantification of the ratio of SATB2+ cells at E17.5 
versus E15.5 per 200 m radial column in CP (left) and below CP (right, i.e. the future 
‘HC’) of the control (n=3) and Pard3 cKO (n=4) embryos (unpaired two-tailed t-test 
with Welch's correction). Box-whisker plot: center line, median; box, interquartile range; 
whiskers, minimum and maximum. (D) Representative confocal images of EGFP-
expressing retrovirus-labeled two-cell clones stained with EGFP (green), PAX6 (red), 
and Ki67 (grey) in E16.5 control and Pard3 cKO cortices. Schematic protocol of in vivo 
RGP division pattern assay is shown at the top. High-magnification images of 
representative clones (broken line rectangles) are shown to the right. Broken line 
polygons indicate the cell bodies of EGFP-expressing cells. Note that the clone in the 
control cortex is composed of one bipolar PAX6+/Ki67+ RGP and one multi-polar 
PAX6-/Ki67- neuron, whereas the clone in the Pard3 cKO cortex is composed of two 
PAX6-/Ki67+ IPs. Scale bars: 30 m (left), 15 m (middle in control and top in Pard3 
cKO), and 5 m (right in control and bottom in Pard3 cKO). (E) Representative 3D 
reconstruction images of a cortical hemisphere with all EGFP-labeled clones in control 
(top) and Pard3 cKO (bottom) embryos. Colored lines represent the pial surface and the 
lateral ventricle; Green filled circles represent RGPs, yellow filled circles represent IPs, 
and red filled circles represent Ns. (F) Percentage of EGFP-labeled RGP-IP/N (green), 
IP-IP, or N-N (red), and RGP-RGP (blue) clones in control (n=4) or Pard3 cKO (n=4) 
embryos at E16.5 (Chi-square test). 
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Figure 2.20: Pard3 deletion suppresses production of CTIP2+ neurons in the CP 
while accelerating generation of CTIP2+ neurons located below the CP.  
(A) Representative confocal images of control and Pard3 cKO cortices stained for 
CTIP2 (red) and counter-stained for DAPI (blue) from E14.5 to E16.5 (from left to right). 
Asterisks indicate CTIP2+ cells located below CP (i.e. the future ‘HC’) in Pard3 cKO 
cortices. Scale bar: 30 m. (B) Quantification of the number of CTIP2+ cells per 200 
m radial column in the entire cortex (left), CP (middle), or below CP (right) of control 
(blue line) and Pard3 cKO (red line) mice from E14.5 to E16.5. Data are presented as 
mean ± SEM. Two-tailed Mann-Whitney test was used to assess statistical significance. 
E14.5: control, n=4; Pard3 cKO, n=5; E15.5: control, n=7; Pard3 cKO, n=5; E16.5: 
control, n=3; Pard3 cKO, n=3. 
 
dividing RGPs at or away from the VZ surface (Figure 2.21), indicating that PARD3 
regulates the mitotic spindle orientation of RGPs. Given the initial overproduction of 
RGPs, this division mode switch would lead to an accelerated and excessive production 
of late-born neurons that largely contribute to the heterotopia and enlarged cortex.  
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Figure 2.21: Pard3 deletion randomizes the mitotic spindle orientation of dividing 
RGPs.  
(A) Representative confocal images of mitotic RGPs stained for P-VIMENTIN (green) 
and counter-stained with DAPI (blue) at E14.5 in the control and Pard3 cKO cortices. 
Broken lines indicate the contour of dividing RGPs and arrows indicate the cleavage 
plane. Scale bars: 5 m. (B) Percentage of the dividing RGPs with 60º-90º (blue), 30º-
60º (red), or 0º-30º (green) mitotic cleavage plane orientation, determined as the angle 
between the mitotic cleavage plane and the VZ surface, in the control (n=3) or Pard3 
cKO (n=3) cortices at E14.5 (Chi-square test). Note that the mitotic cleavage plane of 
dividing RGPs at or away from the VZ surface becomes randomized in the Pard3 cKO 
cortex compared with the control.  
2.2.7 Temporally distinct alterations in RGP division coincide with HIPPO 
signaling  
Our results showed that PARD3 removal leads to temporally distinct changes in 
RGP mitotic behavior, raising the intriguing question on the underlying mechanism of 
the differences. Recent studies in cell cultures suggest that cell polarity proteins 
including PARD3 regulate the HIPPO pathway (Lv et al., 2015; Zhang et al., 2016), a 
conserved signaling pathway that controls cell proliferation and tissue development 
(Pan, 2010; Yu and Guan, 2013). To test whether HIPPO signaling is associated with 
abnormal behavior of RGPs in the Pard3 cKO cortex, we stained cortical sections with 
an antibody against YAP, a major downstream effector of the HIPPO pathway (Pan 
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2010; Yu and Guan 2013) (Fig. 2.22). Suppression of HIPPO signaling typically leads 
to elevated YAP expression and/or reduced YAP phosphorylation, and thereby 
promotes cell proliferation, whereas activation of HIPPO signaling usually results in 
decreased YAP expression and/or increased YAP phosphorylation, and facilitates cell 
differentiation (Pan, 2010; Yu and Guan, 2013).  
Interestingly, compared with the control, the expression of YAP in RGPs, 
including in the nucleus, was increased (Figure 2.22A, C), whereas the expression of 
phosphorylated YAP (pYAP) in RGPs was significantly decreased (Figure 2.22B, D), 
in the Pard3 cKO cortex at E13.5. These results suggest that PARD3 removal in RGPs 
leads to decreased HIPPO activity at the early neurogenic stage, which would promote 
excessive RGP proliferation. In contrast, compared with the control, YAP expression in 
RGPs was substantially reduced in the Pard3 cKO cortex at the late neurogenic phase 
(Figure 2.22E, F), consistent with accelerated differentiation/neurogenesis at this stage. 
Notably, no obvious change in the expression of YAP or pYAP in the blood vessels was 
observed (Figure 2.22A, B, E open arrowheads). Together, these results suggest that 
PARD3 removal causes temporally distinct changes in HIPPO signaling in RGPs that 
coincide with the alterations in their mitotic behavior.  
 
2.2.8 HIPPO signaling regulation depends on both Pard3 deletion and NOTCH 
activity 
Temporally distinct changes in YAP expression in Pard3-deficient RGPs 
indicate that additional factors are critical for HIPPO signaling regulation in response 
to PARD3 removal. To explore this, we examined the role of NOTCH signaling, a 
central signaling pathway in regulating RGP division and progeny output (Chenn and 
McConnell, 1995; Dong et al., 2012; Gaiano et al., 2000; Li et al., 2003; Petersen et al.,  
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Figure 2.22: Pard3 deletion leads to temporally distinct alterations in the level of 
HIPPO signaling.  
(A) Representative confocal images of E13.5 control and Pard3 cKO cortices stained 
for PAX6 (green) and HIPPO pathway effector YAP (red), and counter-stained with 
DAPI (blue). High-magnification images (broken line rectangles) of RGPs in the VZ 
(arrows, areas 1) and extra-VZ (filled arrowheads; areas 2) are shown to the right. Open 
arrowheads indicate YAP expression in the blood vessel, which exhibits no obvious 
change between control and Pard3 cKO cortices. High magnification images, including 
those of individual RGPs (broken lines), are shown to the right. Note the increased 
nuclear YAP signals in RGPs in the VZ and extra-VZ upon Pard3 deletion. Scale bars: 
30 m (left), 15 m (right, top), and 2.5m (right, bottom). (B) Representative confocal 
images of E13.5 control and Pard3 cKO cortices stained for PAX6 (green) and phospho-
YAP (red), and counter-stained with DAPI (blue). Scale bars: 30 m (top) and 15 m 
(bottom). (C) Quantification of YAP staining signal intensity per RGP in the VZ and 
extra-VZ of the control and Pard3 cKO cortices at E13.5 (n = 3 brains per genotype; 
unpaired two-tailed t-test with Welch's correction). A.U., arbitrary unit. (D) 
Quantification of phospho-YAP staining signal intensity per RGP in the VZ and extra-
VZ of the control and Pard3 cKO cortices at E13.5 (n = 3 brains per genotype; unpaired 
two-tailed t-test with Welch's correction). (E) Representative confocal images of E17.5 
control and Pard3 cKO cortices stained for PAX6 (green) and YAP (red), and counter-
stained with DAPI (blue). Scale bars: 30 m (left) and 15 m (right). (F) Quantification 
of YAP staining signal intensity per RGP in the VZ and extra-VZ of the control and 
Pard3 cKO cortices (n = 3 brains per genotype; unpaired two-tailed t-test with Welch's 
correction) at E17.5. For all box-whisker plots: center line, median; box, interquartile 
range; whiskers, minimum and maximum. 
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2004). NOTCH signaling activity is thought to be high in RGPs to maintain their 
progenitor identity. To test whether NOTCH activity is related to temporally distinct 
changes in YAP expression and RGP mitotic behavior upon PARD3 removal, we first 
examined NOTCH activity in RGPs at different embryonic stages. To achieve this, we 
took advantage of a well-characterized NOTCH signaling activity reporter mouse line 
that contains the consensus NOTCH effector C-promoter binding factor 1 (CBF1; also 
called RBPJ) response element to direct the expression of a nuclear-localized Venus 
fluorescent protein (CBF:H2B-Venus) (Nowotschin et al., 2013). Using this reporter 
line, the endogenous NOTCH signaling activity can be inferred based on Venus 
expression. As expected, Venus expression was predominantly observed in the VZ, 
where RGPs reside (Figure 2.23A). Moreover, the Venus intensity in RGPs 
progressively decreased as development proceeded Figure 2.23B), indicative of a 
gradual decrease in NOTCH activity. Interestingly, the decrease in Venus expression 
was most prominent between E14.5 and E15.5, suggesting a sharp reduction in NOTCH 
signaling in RGPs at E15.5 under normal conditions. Notably, this drastic decrease in 
NOTCH activity temporally coincides with HIPPO signaling change as well as the 
alteration in RGP mitotic behavior in the Pard3 cKO cortex. These results are consistent 
with the notion that NOTCH activity level influences HIPPO signaling and YAP 
expression and/or phosphorylation in RGPs in response to PARD3 removal. 
To directly test this, we examined whether enhanced NOTCH signaling activity 
would promote YAP expression in RGPs lacking PARD3 at the late neurogenic stage. 
We took advantage of the conditional Notch1 intracellular domain expression allele, 
R26-LSL-NICD, which allows Cre recombinase-dependent expression of NICD with 
constitutive signaling activity (Murtaugh et al., 2003). In addition, we used a tamoxifen 
(TM) inducible, cortical RGP-specific Cre mouse line, Emx1-CreER (Kessaris et al. 
2006), to selectively remove Pard3 as well as to drive NICD expression in a temporal- 
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Figure 2.23: Pard3 deletion does not disrupt Notch signaling at early neurogenic 
stage.  
(A) Representative confocal images of the VZ of the control cortices stained for Venus 
(green) and PAX6 (red), and counter-stained for DAPI (blue) at E13.5, E14.5, E15.5, 
and E17.5 (from top to bottom). Scale bar: 20 m. (B) Quantification of CBF-Venus 
intensity per RGP (n = 3 brains per genotype and per time point) at E13.5, E14.5, E15.5, 
and E17.5. Note the drastic decrease of CBF-Venus intensity between E14.5 and E15.5. 
(C) Representative images of control and Pard3 cKO cortices stained for Venus (green) 
and PAX6 (red), and counter-stained for DAPI (blue) at E13.5 (left) and E17.5 (right). 
Scale bar: 30 m. (D) Quantification of CBF-Venus intensity per RGP at E13.5 (top) 
and E17.5 (bottom) in control and Pard3 cKO cortices (n = 3 brains per genotype, 
unpaired two-tailed t-test with Welch's correction). 
 
specific manner. To ensure effective removal of PARD3 towards the late neurogenic 
phase, we treated timed pregnant single or double mutant mice with a single dose of TM 
at E13.5 and examined YAP expression in the cortex at E17.5 (Figure 2.24). Consistent 
with our previous observation, YAP expression was reduced in Pard3-deleted RGPs 
compared with the control (Figure 2.24A, top and 2.24B). Interestingly, while YAP 
expression in NICD-expressing RGPs did not obviously change, it was substantially 
increased in Pard3-deleted and NICD-expressing RGPs, especially in those located 
outside the VZ (Figure 2.24A, bottom and 2.24B). Together, these results suggest that  
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Figure 2.24: PARD3 and NOTCH signaling work synergistically to regulate 
HIPPO signaling.  
(A) Representative confocal images of E17.5 control (top left), Emx1-CreER;Pard3fl/fl 
(top right), Emx1-CreER;R26-LSL-NICD (bottom left) and Emx1-CreER;Pard3fl/fl;R26-
LSL-NICD (bottom right) cortices stained for PAX6 (green) and YAP (red), and 
counter-stained for DAPI (blue). Schematic protocol of tamoxifen induction is shown 
at the top. High-magnification images (broken line squares) of the RGPs in extra-VZ 
(filled arrowheads and insets) are shown to the right. Open arrowheads indicate YAP 
signal in the blood vessel. Broken line circles indicate the cell bodies of representative 
RGPs in extra-VZ and high magnification images are shown in the insets. Note that the 
VZ and ectopic PAX6+ cells in the Emx1-CreER; Pard3fl/fl; R26-LSL-NICD cortex 
exhibit strong YAP staining signal. Scale bars: 50 m (left), 15 m (right) and 5m 
(inset). (B) Quantification of YAP staining signal intensity per RGP in VZ (top) and 
Extra-VZ (bottom) at E17.5 (n = 3 brains per genotype; unpaired two-tailed t-test with 
Welch's correction). A.U., arbitrary unit. Box-whisker plot: center line, median; box, 
interquartile range; whiskers, minimum and maximum. 
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PARD3 removal in conjunction with high NOTCH activity promotes YAP expression 
in RGPs.  
As expected on the basis of NOTCH and HIPPO signaling activities, while the 
number of PAX6+ RGPs was reduced in the Pard3-deleted cortex, it was increased in 
the NICD-expressing cortex, compared with the control (Figure 2.25A, B). Importantly,  
Figure 2.25: Functional interaction between PARD3 and NOTCH signaling.  
(A) Representative confocal images of E17.5 control Emx1-CreER; Pard3fl/fl, Emx1-
CreER; R26-LSL-NICD, and Emx1-CreER; Pard3fl/fl; R26-LSL-NICD (from left to 
right) cortices stained for PAX6 (green) and counter-stained for DAPI (blue). Asterisk 
indicates the ectopic PAX6+ cells in Pard3 cKO cortex. Scale bar: 30 m. (B) 
Quantification of the number of PAX6+ cells per 200 m radial column in VZ (blue) 
and extra-VZ (red) of E17.5 cortices (n=6 per genotype; unpaired two-tailed t-test with 
Welch's correction). 
 
the number of RGPs was further substantially increased in the Pard3-deleted and NICD-
expressing cortex, especially outside the VZ (Figure 2.25A, asterisk). Notably, 
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compared with the control, the NOTCH signaling activity did not exhibit any obvious 
change at the early neurogenic phase, but was significantly decreased at the late 
neurogenic phase in the Pard3 cKO cortex (Figure 2.23C, D), indicating that NOTCH 
signaling does not change prior to PARD3 removal. Together, these results suggest that 
PARD3, NOTCH activity, and HIPPO signaling act synergistically in regulating RGP 
mitotic behavior. 
To further test this, we examined whether the initial excessive proliferation of 
RGPs and the reduction in HIPPO signaling upon PARD3 removal at the early 
neurogenic stage was dependent on NOTCH activity. To suppress NOTCH activity, we 
employed a conditional deletion allele of Rbpj (i.e., Cbf1) that encodes a transcriptional 
regulator essential for NOTCH signaling (Han et al. 2002). We generated cortex-
specific single or double knockout of Pard3 and Rbpj using Emx1-Cre. Notably, while 
we observed a drastic overproduction and ectopic localization of PAX6+ RGPs in the 
Pard3 cKO cortex, there was a strong reduction of PAX6+ RGPs and a concomitant 
increase in TUJ1+ post-mitotic neurons in the Pard3 and Rbpj conditional double KO 
(Pard3;Rbpj cDKO) cortex, similar to that in the Rbpj cKO cortex (Figure 2.26A-C). 
Moreover, YAP expression level was significantly decreased in the Pard3;Rbpj cDKO 
cortex compared with the control (Figure 2.27A,B). Together, these results suggest that 
the excessive RGP proliferation and HIPPO signaling suppression at the early 
neurogenic phase caused by PARD3 removal depend on the relatively high NOTCH 
signaling. 
2.2.9 Deletion of Yap and Taz fully suppresses giant heterotopia formation 
To further determine the functional role of HIPPO signaling in driving defective 
RGP behavior and cortical malformation in the absence of PARD3, we took advantage 
of the conditional deletion alleles of Yap and Taz (Reginensi et al., 2013), and generated  
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Figure 2.26: Neuronal differentiation in Pard3; Rbpj cDKO cortices.  
(A) Representative confocal images of E14.5 control, Pard3 cKO, Rbpj cKO, and Pard3; 
Rbpj cDKO (from left to right) cortices stained for PAX6 (green) and TUJ1 (red), and 
counter-stained for DAPI (blue). Asterisk indicates the ectopic PAX6+ cells in Pard3 
cKO cortex. Broken lines indicate the VZ surface. Scale bar: 30 m. (B, C) 
Quantification of the number of PAX6+ (B) and TUJ1+ (C) cells per 200 m radial 
column of the cortex at E14.5 (n=4 per genotype; unpaired two-tailed t-test with Welch's 
correction). For all box-whisker plots: center line, median; box, interquartile range; 
whiskers, minimum and maximum. 
 
cortical specific single, double, or triple knockout of Pard3, Yap, or Taz using Emx1-
Cre (Figure 2.28 and Figure 2.29). Notably, simultaneous deletion of Yap and Taz 
suppressed the drastic overproduction and ectopic localization of PAX6+ RGPs in the 
Pard3 cKO cortex at the embryonic stage (Figure 2.28A, B). No obvious change in the 
density or localization of RGPs was observed in the Yap and Taz single or double cKO  
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Figure 2.27: YAP signal intensity in Pard3; Rbpj cDKO cortices.  
(A) Representative confocal images of E14.5 control (top left), Pard3 cKO (top right), 
Rbpj cKO (bottom left), and Pard3; Rbpj cDKO (bottom right) cortices stained for 
PAX6 (green) and YAP (red), and counter-stained with DAPI (blue). High-
magnification images (broken line rectangles) of RGPs in VZ (filled arrows and insets) 
are shown to the right. Open arrowheads indicate YAP signal in the blood vessel. 
Broken line circles indicate the cell bodies of representative RGPs in VZ and high 
magnification images are shown in the insets. Scale bars: 30 m (left), 15 m (right), 
and 5 m (inset). (B) Quantification of YAP staining signal intensity in VZ at E14.5 
(n=3 per genotype; unpaired two-tailed t-test with Welch's correction). A.U., arbitrary 
unit. For all box-whisker plots: center line, median; box, interquartile range; whiskers, 
minimum and maximum. 
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cortex (Figure 2.28A, B). These results strongly suggest that YAP and TAZ play an 
essential role in mediating abnormal behavior and organization of RGPs lacking 
PARD3. Strikingly, in contrast to the massive heterotopia formation in the Pard3 cKO 
cortex, we observed no heterotopia formation in the Pard3, Yap, and Taz conditional 
triple knockout (Pard3;Yap;Taz cTKO) cortex at the postnatal stage (Figure 2.28C). 
Compared with the control, the lamination was largely normal in the Pard3;Yap;Taz 
cTKO cortex. There was no increase in the density of superficial layer neurons; instead, 
we observed a relatively small but significant reduction in the densities of both 
superficial and deep layer neurons in the Pard3;Yap;Taz cTKO cortex, as well as in the 
Yap;Taz cDKO cortex (Figure 2.28D, E). Consistent with a previously reported role of 
YAP in regulating the generation of ependymal cells that line the ventricle (Park et al. 
2016), we observed a loss of ependymal cells (Figure 2.29) and severe hyhrocephalus 
(Figure 2.28C, arrowheads) in the Yap;Taz cDKO and Pard3;Yap;Taz cTKO brains, 
which may contribute to the small decrease in cortical size. Together, these results 
clearly suggest that cortical enlargement and massive heterotopia formation in the 
Pard3 cKO cortex depend on YAP and TAZ, two essential transcriptional co-activators 
of the HIPPO pathway. 
2.3 Discussion 
Proper RGP organization and division are instrumental to orderly neurogenesis 
and cortical development; however, the molecular control of the orderly RGP behavior 
in the embryonic cortex remains poorly understood. In this study, we reveal for the first 
time the temporally distinct activities of PARD3 in concert with dynamic HIPPO and 
NOTCH signaling regulate RGP division and cortical formation. At the early 
neurogenic phase when NOTCH activity is relatively high, PARD3 removal suppresses 
HIPPO signaling and promotes RGP symmetric proliferation, leading to an excessive  
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Figure 2.28: Yap and Taz deletion suppresses ectopic RGP generation and 
heterotopia formation in Pard3-deficient cortex.  
(A) Representative confocal images of E14.5 control, Pard3 cKO, Yap;Taz cDKO, and 
Pard3;Yap;Taz cTKO cortices stained for PAX6 (green) and counter-stained for DAPI 
(blue). Asterisk indicates the ectopic PAX6+ RGPs in Pard3 cKO cortex. Scale bar: 30 
m. (B) Quantification of the number of PAX6+ cells per 200 m radial column in E14.5 
control, Pard3 cKO, Yap;Taz cDKO, and Pard3;Yap;Taz cTKO cortices (n=6 brains 
per genotype; unpaired two-tailed t-test with Welch's correction). (C) Representative 
nissl staining images of P12 control, Pard3 cKO, Yap;Taz cDKO, and Pard3;Yap;Taz 
cTKO brain sections. Asterisks indicate the giant heterotopia. Arrows indicate the 
defective VZ surface and hydrocephalus. Scale bar: 2.5 mm. (D) Representative 
confocal images of P12 control, Pard3 cKO, Yap;Taz cDKO, and Pard3;Yap;Taz cTKO 
cortices stained for layer V/VI neuronal marker CTIP2 (green) and layer II-IV neuronal 
marker CUX1 (red), and counter-stained for DAPI (blue). The ‘NC’ stands for the 
normotopic cortex and ‘NC’ stands for the heterotopic cortex. Scale bar: 70 m. (E) 
Quantification of the number of CTIP2+ (top) and CUX1+ (bottom) cells per 300 m 
radial column in control, Pard3 cKO, Yap;Taz cDKO, and Pard3;Yap;Taz cTKO 
cortices at P12 (n=6 brains per genotype; unpaired two-tailed t-test with Welch's 
correction). For all box-whisker plots: center line, median; box, interquartile range; 
whiskers, minimum and maximum. 
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Figure 2.29: A loss of ependymal cells in the Yap;Taz cDKO and Pard3;Yap;Taz 
cTKO brains.  
(A) Representative confocal images of P12 control, Pard3 cKO, Yap;Taz cDKO, and 
Pard3;Yap;Taz cTKO cortices stained for FOXJ1 (red), an ependymal cell marker, and 
counter-stained with DAPI (blue). The schematic of the dorsal surface of the lateral 
ventricle where the images were taken is shown at the top. Arrows indicate FOXJ1+ 
ependymal cells at the dorsal side of the lateral ventricle. LV, lateral ventricle. Scale 
bar: 70 m. 
 
production of RGPs or RG-like progenitors largely located outside the VZ at the 
expense of early-born deep layer neurons. In sharp contrast, at the late neurogenic phase 
when NOTCH activity is relatively low, PARD3 removal enhances HIPPO signaling, 
reduces NOTCH activity, and facilitates RGP symmetric differentiation, resulting in an 
accelerated and overproduction of late-born superficial layer neurons predominantly 
residing below the emerging cortex. As a result, the mutant cortex is significantly 
enlarged with massive SBH, and the mutant animal exhibits increased seizure 
susceptibility. Simultaneous removal of YAP and TAZ, two key transcriptional co-
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activators of the HIPPO pathway, prevents RGP over-proliferation and delocalization 
in the absence of PARD3 and fully suppresses excessive neurogenesis and giant 
heterotopia formation. Together, our data define a key molecular and signaling program 
of PARD3, HIPPO signaling, and NOTCH activity that act in concert to ensure orderly 
RGP division behavior and neuronal production in the mammalian cortex.  
Previous studies using short hairpin RNAs or morpholinos have implicated 
PARD3 in regulating neural progenitor cell division in vertebrates. However, its 
function appears to be contrary in different systems (i.e., zebrafish versus mice) with 
regard to promoting the generation of progenitors (proliferation) (Alexandre et al. 2010; 
Dong et al. 2012) or neurons (differentiation) (Costa et al. 2008; Bultje et al. 2009). 
Interestingly, we found that PARD3 removal can facilitate either proliferation or 
differentiation of RGPs depending on the developmental stage in conjunction with 
HIPPO and NOTCH signaling activities. Our finding that PARD3 removal promotes 
RGP proliferation at the early neurogenic stage (e.g., E13.5) is essentially opposite to 
the previous study showing that PARD3 knockdown causes RGP premature cell cycle 
exit and depletion (Costa et al. 2008). The temporally distinct function of PARD3 in 
regulating progenitor behavior has not been suggested in the previous studies, including 
those in C. elegans and Drosophila. Our data indicate that PARD3 acquires complex 
functions in supporting RGP division and orderly neurogenesis in the mammalian cortex.  
A recently study in Madin-Darby Canine Kidney Epithelial (MDCK) epithelial 
or tumor cells suggested that PARD3 has a dual role in regulating HIPPO signaling, 
depending on the cellular context (Zhang et al., 2016). Our data suggest that NOTCH 
activity can be a key factor in determining the precise regulation of HIPPO signaling by 
PARD3. Previous genome-wide analysis has implicated YAP as a direct transcriptional 
target of NOTCH activity (Li et al., 2012). Notably, we found that elevated NOTCH 
activity alone (e.g., NICD expression) is ineffective in promoting YAP expression. On 
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the other hand, elevated NOTCH activity together with PARD3 removal strongly 
promotes YAP expression. These results suggest that cellular organization such as 
polarity and junction formation related to PARD3 expression is critical for HIPPO 
signaling regulation, consistent with their functional context in tissue development and 
homeostasis (Pan, 2010; Yu and Guan, 2013). PARD3 has also been recently shown to 
regulate the activation of TAZ (Lv et al. 2015), the other downstream transcription co-
activator of the HIPPO pathway (Pan, 2010). As shown in our functional analysis, both 
YAP and TAZ play a critical role in PARD3-dependent regulation of RGP behavior and 
cortical neurogenesis.  
The initial excessive proliferation of RGPs upon PARD3 removal occurs at E11-
12, prior to any obvious defects in the organization of the VZ, including the integrity of 
the apical VZ surface. While PARD3 has previously been shown to be enriched at the 
VZ surface junction formed between the endfeet of neighboring RGPs (Bultje et al., 
2009), our data suggest that PARD3 is not essential for the maintenance of existing 
junctions at the VZ surface. Moreover, our data suggest that a primary function of 
PARD3 is to regulate progenitor division mode and daughter cell fate specification in 
concert with NOTCH and HIPPO signaling activities. On the other hand, PARD3 is 
likely required for junction formation by newly specified RGPs. As a result, 
overproduced RGPs lacking PARD3 fail to form junctions at the VZ surface (i.e., be 
anchored to the apical junction belt of the VZ) and consequently become ectopically 
localized outside the VZ. As time proceeds, accumulating RGPs become ectopically 
located and the junction organization at the VZ surface is progressively disrupted.  
Of note, even when junction defects were observed towards the late neurogenic 
stage, there was no drastic global disorganization of the VZ in the Pard3 cKO cortex. 
This is clearly distinct from the RhoA or junction gene (e.g., Cadherin2 or -E-Catenin) 
mutant cortex (Cappello et al., 2006; Gil-Sanz et al., 2014; Schmid et al., 2014), despite 
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the fact that a similar SBH (but with no obvious cortical enlargement) is observed. Due 
to the severe disruption of the junction and VZ, dividing cells labeled by PHH3 in the 
embryonic RhoA or junction gene mutant cortex are broadly dispersed. It is unclear 
whether the division mode of RGPs in these mutant cortices exhibits any changes. In 
contrast, many dividing cells in the embryonic Pard3 cKO cortex remain aligned at the 
VZ surface (e.g. E15.5), as expected for dividing VZ RGPs, in addition to those 
ectopically localized dividing cells. Therefore, our data reveal that the initial switch in 
RGP division mode producing excessive ectopically localized RGPs followed by an 
accelerated neurogenesis triggers the formation of massive SBH and an enlarged cortex. 
Consistent with this, we found that simultaneous deletion of Yap and Taz suppresses the 
excessive production and ectopic localization of RGPs due to Pard3 deletion, and 
completely prevents the formation of heterotopia. Our data not only demonstrate that 
the over-proliferation of RGPs depends on HIPPO signaling, but also show that RGP 
over-proliferation is responsible for their delocalization away from the VZ and the 
subsequent heterotopia formation.  
While the overall thickness of the NC in the Pard3 cKO brain is greatly reduced, 
the relative proportion of individual neuronal layers appears to be largely comparable 
to the control cortex. On the other hand, the HC or hetertopia is predominantly 
composed of late-born superficial layer neurons. These results suggest that the 
progenitor origins of the NC and heterotopia are different. It is intriguing that a normally 
laminated cortex consisting of both superficial and deep layer neurons forms above the 
massive heterotopia. The orderly production and migration of neurons occupying the 
NC likely occur in the Pard3 cKO brain before E15.5, when the VZ and radial glial 
fiber scaffold remain prominent. On the other hand, the accumulating RGPs in the 
ectopic location undergo excessive proliferation and do not effectively generate neurons 
initially. Remarkably, the heterotopia is completely suppressed in the Pard3;Yap;Taz 
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cTKO brain. In accordance, the ectopic RGPs are greatly reduced in the Pard3;Yap;Taz 
cTKO cortex at the embryonic stage. These results confirm that the massive heterotopia 
originates from the ectopic RGPs. While cortical heterotopia has been observed 
previously (Cappello et al., 2006; Gil-Sanz et al., 2014; Jossin et al., 2017; Schmid et 
al., 2014), our study defines the distinct progenitor origin of heterotopia as well as the 
underlying signaling mechanism.    
The initial change in RGP mitotic behavior and adult phenotype in the Pard3 
cKO cortex are reminiscent of those in the HeCo mouse that carries a retrotransposon 
insertion in Echinoderm microtubule associated protein-like 1 (Eml1) (Croquelois et al., 
2009; Kielar et al., 2014). It is intriguing that both PARD3 and EML1 are microtubule-
interacting proteins (Chen et al., 2013), indicating a potential importance of microtubule 
regulation in RGPs for division mode control. Interestingly, EML1 mutations have been 
genetically linked to human megalencephaly and giant ribbon-like heterotopia with 
epilepsy and intellectual disability (Kielar et al., 2014). This relatively rare type of 
cortical malformation is distinct from the classic human SBH linked to mutations in 
genes encoding other microtubules or microtubule-associated proteins predominantly 
involved in controlling neuronal migration, such as 1-Tubulin (TUBA1A), 
Lissencephaly 1 (LIS1, also known as PAFAH1B1), and Doublecortin (DCX) (Bizzotto 
and Francis, 2015). Notably, the etiology of megalencephaly in association with giant 
heterotopia in human patients remains largely unclear, as the cortex in the HeCo mouse 
is not obviously enlarged (normocephalic). In comparison, our study demonstrates that 
Pard3 deletion causes a drastic cortical malformation that is highly reminiscent of 
human megalencephaly with giant ribbon-like heterotopia, as well as increased seizure 
susceptibility. Therefore, our study highlights a progenitor origin of cortical 
malformation linked to progenitor organization and division mode control, and provides 
insights into the pathophysiology of a severe, atypical form of human disorder. 
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Chapter 3 PARD3 links progenitor behavior and interneuron 
specification in the mammalian brain 
 
3.1 Introduction 
Accurate information processing in the CNS entails the balance of excitation 
and inhibition. Excitation comes from the excitatory neurons which secret the 
neurotransmitter glutamate and produce the main output of neural circuits. Inhibition, 
on the other hand, arises from interneurons which employ the neurotransmitter gamma 
aminobutyric acid (GABA) to inhibit the target neuron from firing. Although 
outnumbered by excitatory neurons in the cerebral cortex, inhibitory interneurons are 
incredibly diverse in terms of their morphology, molecular marker expression, electrical 
properties, subcellular connectivity and cellular connectivity (Figure 3.1) (DeFelipe et 
al., 2013; Maass et al., 2004; Markram et al., 2004; Miyoshi et al., 2007; Petilla 
Interneuron Nomenclature Group et al., 2008; Wonders and Anderson, 2006; Xu et al., 
2004), and it is such the high variety of interneuron subtypes that equips the inhibition 
system with the power to accurately sense the level of excitation across a broad dynamic 
range.  
Early population level lineage tracing studies demonstrated the distinct 
developmental origin of interneurons from that of excitatory neurons (Anderson et al., 
2002; Luskin et al., 1993; Parnavelas et al., 1991; Tan et al., 1998). While excitatory 
neurons are born in the dorsal telencephalon, most if not all interneurons come from the 
ventral telencephalon, which is composed of ganglionic eminence (GE) and the PoA. 
The GE is a transient structure which only exists during embryonic development, and 
can be further subdivided into lateral, medial, and caudal domains (LGE, MGE, and 
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CGE, respectively). The PoA localizes ventral to the MGE. In the forebrain of mice, 
except for the interneurons destined for the striatum and olfactory bulb, all remaining 
 
Figure 3.1: Multiple dimensions of cortical interneuron diversity.  
(A) Morphologically defined subtypes of interneurons. (B) Classification of subtypes 
based on molecular marker expression. PV, parvalbumin; SOM, somatostatin; VIP, 
vasointestinal peptide; CR, calretinin; CCK, cholecystokinin; NPY, neuropeptide Y; 
5HTR-3A, serotonin receptor 3A. (C) Electrophysiological classification of 
interneurons based on the action potential response pattern upon electrical stimulation. 
FS, fast-spiking; LS, late-spiking; IS, irregular-spiking; LTS, low threshold spiking; 
BST, bursting. (D) Diversity in subcellular targeting. (E) Diversity in cellular targeting. 
E, excitatory neuron. Adapted from Sultan and Shi (2018). 
 
are derived from the MGE, CGE, and PoA (Figure 3.2) (Deacon et al., 1994; Olsson et 
al., 1995, 1998; Stenman et al., 2003; Wichterle et al., 2001). Among these three regions, 
the major source of cortical interneurons is the MGE which produces around 70% of all 
cortical interneurons in mice (Rakic, 2009). Previous studies have identified two 
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prominent non-overlapping interneuron populations originating in the MGE: SOM-
positive (Martinotti and other) cells and PV-positive (basket and chandelier) cells 
Figure 3.2: Developmental origins of cortical interneurons.  
(A) Cortical interneurons in mice are derived from progenitor cells located in the 
proliferative zone of the ventral telencephalon, specifically in the medial ganglionic 
eminence (MGE), caudal ganglionic eminence (CGE) and preoptic area (PoA). LGE, 
lateral ganglionic eminence; Ctx, cortex; OB, olfactory bulb. (B) The major source of 
interneurons is the MGE, generating ~70% of cortical interneurons comprised of two 
nonoverlapping populations expressing parvalbumin (PV) and somatostatin (SOM). 
Approximately 30% of cortical interneurons are a heterogeneous group of cells 
generated by the CGE, all of which express 5HTR (serotonin receptor)-3A as well as 
either vasointestinal peptide (VIP) or reelin. In addition, CGE is the main source of 
calretinin (CR) and cholecystokinin (CCK)-expressing cells. The PoA generates ~10% 
of interneurons a fraction of which express neuropeptide Y (NPY), neuronal nitric oxide 
synthase (nNOS), and SOM. Adapted from Sultan and Shi (2018). 
(Rudy et al., 2011; Xu et al., 2008). The two populations are found throughout different 
layers of the cortex with slightly different distribution pattern. SOM-expressing 
interneurons are preferentially enriched in deep layers whereas PV-expressing 
interneurons localize evenly across all layers. The two populations have distinct 
temporal origins as well. The fate-mapping analysis of MGE progenitors revealed that 
SOM-positive interneurons display a temporal decline in output: around 30% of the 
labeled interneurons are positive for SOM between E9.5 and E12.5, however, only 
around 10% of the labeled interneurons express SOM at E15.5. On the other hand, the 
percentages of PV-positive cells in total labeled interneurons are relatively constant at 
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any time point from E9.5 to E15.5 (Miyoshi et al., 2007).  These results indicate that 
SOM-positive interneurons are produced earlier whereas PV-positive interneurons are 
generated at a constant rate throughout the embryonic interneuron generation in the 
MGE. 
It is well established that interneurons generated from the MGE and PoA come 
from the neuron stem cells sitting in the VZ of these two areas. By taking advantage of 
mouse genetics combined with in utero retroviral injection, one previous study from our 
lab was able to sparsely label the dividing progenitors and their progeny in the MGE 
and PoA, and reported their radial glial cell nature (Brown et al., 2011). During the 
interneuron generation period (between E9.5 and E17.5), the RGPs in the MGE and 
PoA undergo interkinetic nuclear migration and divide in an asymmetric fashion to self-
renew and simultaneously generate either a postmitotic interneuron or an IP. IPs then 
migrate into the SVZ and undergo symmetric division to further give rise to multiple 
interneurons (Brown et al., 2011). 
Recently, another study of our lab showed two populations of RGPs with distinct 
radial glial fiber characteristics in the embryonic MGE (Tan et al., 2016). One 
population of RGPs projects long radial glial fibers reaching the pial surface, while the 
other exhibits relatively shorter radial glial fibers anchoring to the periventricular 
vessels. After systematically analyzing the temporal development of RGP-vessel 
association in the MGE, the authors found a progressive increase of vessel-anchored 
RGPs and a concomitant loss of pia-anchored RGPs. At the early embryonic stage 
(before E12.5), the majority of RGPs are anchored to the pial basement membrane with 
no obvious association with vessels, similar to those in the dorsal telencephalon 
responsible for producing neocortical excitatory neurons. However, as development 
proceeded, proliferative RGPs in the MGE became progressively anchored to the 
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periventricular vessels, so that by E16.5, vessel-anchored RGPs became the dominant 
population of mitotic RGPs in the MGE. In addition, specific disruption of the vessel-
anchored RGPs lead to a loss of PV- and, to a lesser extent, SOM-expressing 
interneurons (Tan et al., 2016). These results suggest an important role of vessel-
anchored RGPs in the production and proper function of neocortical interneurons. 
Comparing to the significant progress made in the field of excitatory 
neurogenesis, our understanding of interneuron neurogenesis, specifically, how 
progenitor behavior influences interneuron diversity, has largely lagged. It remains 
unclear whether the diverse interneurons originate from a common pool of multipotent 
neural progenitors or a fate-restricted pool of progenitors in the MGE/PoA, and whether 
the asymmetric division of RGPs in the MGE/PoA play any roles in interneuron subtype 
specification. In the study introduced in this chapter, we attempted to investigate the 
function of PARD3 in division mode control of RGPs in MGE/PoA and interneuron 
subtype specification.  
3.2 Pard3 deletion in MGE/PoA RGPs leads to an increase in the number of 
SOM-expressing interneurons at the expense of PV-expressing interneurons 
To dissect the function of PARD3 in controlling RGP organization and division 
during MGE interneuron development, we first set out to analyze the spatial expression 
pattern of PARD3 in the embryonic MGE. At E11.5, a strong enrichment of PARD3 
immunoreactivity was observed at the apical surface of the VZ in the MGE. This pattern 
is similar to that in neocortex, and suggests that PARD3 might also be able to mediate 
asymmetric division of RGPs in the MGE (Figure 3.3B, left).  
We next crossed Pard3fl/fl mouse line to the NKX2.1-Cre (Xu et al., 2008), in 
which Cre recombinase is selectively expressed in RGPs of the development MGE/PoA 
as early as E9.5. While PARD3 was extensively expressed at the VZ surface in the wild 
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type MGE/PoA, it was depleted in the VZ of the Pard3 cKO MGE/PoA at E11.5 
(Figure 3.3A, B). 
 Figure 3.3: Selective removal of PARD3 in NKX2.1+ MGE/PoA RGPs.  
(A) Schematic diagram showing the generation of Nkx2.1-Cre; Pard3fl/fl (referred to as 
Pard3 cKO) mice. Numbered black boxes represent exons. Deletion of exons 8 and 9 
leads to a frame shift of subsequent exons. (B) Images of control and Pard3 cKO MGE 
at E11 stained for PARD3 (green) and counterstained with DAPI (blue). High 
magnification images of the VZ surface (broken rectangles) are shown at the bottom. 
Note the loss of PARD3 at the VZ surface in the Pard3 cKO MGE (arrows). Scale bars: 
70 µm and 15 µm. 
In order to accurately assess the interneuron population originating from the 
MGE/PoA, we took advantage of a well-established Ai9 reporter mouse line (Madisen 
et al., 2010), in which the red fluorescent signal from tdTomato is strictly driven by Cre 
recombinase. We integrated Ai9 reporter allele into the NKX2.1-Cre; Pard3fl/fl mouse 
line to specifically mark the interneurons generated by the RGPs in the MGE/PoA, and 
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quantified the number of tdTomato-expressing cells, PV/tdTomato and SOM/tdTomato 
double positive interneurons in the cortex. The quantification results showed that 
PARD3 removal leads to a 25% reduction of the density of PV/tdTomato double 
positive interneurons but a 15% promotion of the density of SOM/tdTomato double 
positive interneurons. Collectively, the total density of tdTomato expressing cells was 
decreased by 10% in Pard3 cKO cortices compared with the control brains (Figure 3.4).  
Figure 3.4: Selective removal of PARD3 in NKX2.1+ MGE/PoA RGPs leads to the 
overproduction of SOM-expressing interneurons at the expense of PV-expressing 
interneurons.  
(A) Representative confocal images of P21 control, Pard3 cKO, cortices stained for 
TdTomato (red), PV (grey), and SOM (green) and counter-stained for DAPI (blue). 
Scale bar: 30 m. (B) Quantification of the number of PV+/tdTomato+ (left) and 
SOM+/tdTomato+ (right) cells per 200 m radial column in P21 control, Pard3 cKO 
cortices (n=6 brains per genotype; unpaired two-tailed t-test with Welch's correction). 
(C) Quantification of the number of tdTomato+ cells per 200 m radial column in P21 
control, Pard3 cKO cortices (n=6 brains per genotype; unpaired two-tailed t-test with 
Welch's correction). 
82 
 
These results suggest that PARD3 deletion in the RGPs of the MGE/PoA results in an 
overproduction of early born SOM-positive interneurons and a concomitant reduction 
in the number of constantly generated PV-positive interneurons.  
3.3 Pard3 deletion disrupts asymmetric division of RGPs in a temporal 
distinct fashion 
To understand the origins of altered interneuron generation in the Pard3 cKO 
brains, we next examined RGP behavior at multiple embryonic stages which cover 
almost the entire period of embryonic interneuron development in the MGE/PoA. The 
wild type and Pard3 cKO brains were stained with an antibody against OLIG2 (Miyoshi 
et al., 2007), a transcription factor highly expressed in RGPs of the ventral telencephalon 
including the MGE/PoA. We observed a significant increase in the density of OLIG2+ 
cells in both VZ and extra-VZ regions of the MGE/PoA in the Pard3 cKO brains at 
early time points (E11.5 and E13.5 in Figure 3.5). However, the generation of OLIG2+ 
cells was gradually suppressed at late time points upon Pard3 deletion, and hence the 
density of OLIG2+ cells in the MGE/PoA was reduced in the Pard3 cKO brains 
compared with the wild type brains at E16.5 (Figure 3.5). One caveat of such 
assessment is that OLIG2 signal can be found in oligodendrocyte precursor cells (OPCs) 
as well. OPCs are mitotically active cells that are restricted to the oligodendroglial 
lineage and are characterized by the expression of platelet-derived growth factor 
receptor alpha (PDGFR) (Tripathi et al., 2010). Oligodendrogenesis within the 
MGE/PoA commences at E11.5 and peaks at E13.5. Around E15.5, OPCs in the 
MGE/PoA migrate into the cerebral cortex and differentiate into myelinating 
oligodendrocytes. Whereas PDGFR expression in the embryonic MGE/PoA is 
specific to the OPC lineage, OLIG2 is also expressed in multipotent progenitors 
(Petryniak et al., 2007). In order to examine oligodendrogenesis in Pard3cKO 
MGE/PoA, PDGFR immunostaining was employed to assess the production of OPCs  
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Figure 3.5: Pard3 deletion causes abnormal RGP dynamics in the MGE/PoA.  
(A) Representative confocal images of E11.5, E13.5, E15.5 and E16.5 MGE/PoA in 
control and Pard3 cKO mouse brains stained for OLIG2 (green) and counterstained 
with DAPI (blue). Scale bar: 100 µm. (B) Quantification of the density of OLIG2+ cells 
in the VZ per 250 µm column in the VZ and extra-VZ areas of the MGE/PoA. (n=7 
sections from 3 control brains, and n=10 sections from 7 Pard3 cKO brains). N.S., not 
significant; (unpaired t-test with Welch’s correction). 
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in the Pard3 cKO brains. The result indicated that there was no obvious change in the 
number or localization of OPCs at E11.5 and E13.5 (Figure 3.6), and hence the 
observed alteration in the density of OLIG2+ cells upon PARD3 depletion only reflects 
the abnormal RGP dynamics in the MGE/PoA. 
Figure 3.6: Pard3 deletion does not impair OPC generation.  
(A) Representative confocal images of E11.5, E13.5 MGE/PoA in control and Pard3 
cKO mouse brains stained for OLIG2 (red), PDGFR (green) and counterstained with 
DAPI (blue). Scale bar: 100 µm.  
Asymmetric division of RGPs ensures an intricate balance between RGP 
renewal/maintenance and neurogenesis. The change of RGP dynamics in the Pard3 
cKO MGE/PoA may be due to a defect in RGP asymmetric division. To directly test 
this, we performed in vivo clonal analysis to explicitly assess the division mode of 
individually dividing RGPs in the MGE/PoA. We injected serially diluted, low-titer 
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retroviruses expressing EGFP into the lateral ventricle at E12.5/E14.5 and recovered the 
brain at E13.5/E15.5 for analysis. To examine the division mode of sparsely labeled 
RGPs in the MGE/PoA, brains were serially sectioned and stained with antibodies 
against OLIG2 and Ki67, a proliferative cell marker. We identified all sparsely labeled 
cell pairs in the MGE/PoA that originated from individual dividing RGPs by 3D 
reconstruction.  In these experiments, OLIG2+/Ki67+, OLIG2-/Ki67+, and OLIG2-/Ki67-
cells corresponded to RGPs, IPs, and post-mitotic interneurons (INs), respectively. As 
expected, at early neurogenesis stage (E13.5), the majority (~68%, 17 out of 25) of the 
cell pairs in the wild type control MGE contained a bipolar RGP and a multi-polar IP or 
IN, indicating asymmetric division. In contrast, only a small fraction (~19.0%, 8 out of 
42) of the cell pairs in the Pard3 cKO MGE contained a bipolar RGP and a multi-polar 
IP or IN; instead, the vast majority (~57.1%, 24 out of 42) of the cell pairs contained 
two RGPs (Figure 3.7B-D), indicating symmetric proliferation division. The depletion 
of PARD3 at late neurogenesis stage (E15.5) disrupt asymmetric division of RGPs in 
the MGE/PoA as well (~ 80%, 28 out of 35 in control vs. ~19.5%, 8 out of 41 in Pard3 
cKO). But majority (~68.3%, 28 out of 41) of the cell pairs in Pard3 cKO brains are 
composed of two IPs or two Ins, which is indicative of symmetric terminal division 
(Figure 3.8B-D). Together, these results suggest that PARD3 removal leads to a 
switchin RGP division mode from asymmetric neurogenic division (one RGP and one 
IP or IN) to symmetric division (i.e., two RGPs at the early time point, whereas two IPs 
or two Ins at late time point). 
3.4 PARD3 regulates chandelier cell production via RGP asymmetric 
division 
We next further examined the consequence of impaired RGP asymmetric 
division on interneuron production. Here we exploited chandelier cells as an example  
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Figure 3.7: PARD3 deletion promotes NKX2.1+ MGP/PoA RGP asymmetric 
proliferative division at early neurogenesis stage.  
(A) Schematic of in vivo clonal analysis to assess RGP division pattern. (B) Images of 
E13.5 control and Pard3 cKO mouse brains injected with low-titer EGFP-expressing 
retrovirus (green) at E12.5, and stained for Ki67 (white) and OLIG2 (red), and 
counterstained with DAPI (blue). High magnification images of the EGFP-expressing 
cell pairs (broken rectangles) are shown to the right. Scale bars: 50 µm, 20 µm. (C) 3D 
reconstruction images of control and Pard3 cKO MGE/PoA showing EGFP-expressing 
cell pairs containing RGP (green), IP (yellow), or interneurons (IN, red) from E12.5 to 
E13.5. (D) Percentage of EGFP-expressing cell pairs representing symmetric 
proliferative division, asymmetric neurogenic division, or symmetric terminal division 
in the MGE/PoA of control and Pard3 cKO brains from E12.5 to E13.5. (Chi-square 
test). 
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Figure 3.8: PARD3 deletion promotes NKX2.1+ MGP/PoA RGP asymmetric 
terminal division at late neurogenesis stage.  
(A) Schematic of in vivo clonal analysis to assess RGP division pattern. (B) Images of 
E15.5 control and Pard3 cKO mouse brains injected with low-titer EGFP-expressing 
retrovirus (green) at E13.5, and stained for Ki67 (white) and OLIG2 (red), and 
counterstained with DAPI (blue). High magnification images of the EGFP-expressing 
cell pairs (broken rectangles) are shown to the right. Scale bars: 50 µm, 20 µm. (C) 3D 
reconstruction images of control and Pard3 cKO MGE/PoA showing EGFP-expressing 
cell pairs containing RGP (green), IP (yellow), or interneurons (IN, red) from E14.5 to 
E15.5. (D) Percentage of EGFP-expressing cell pairs representing symmetric 
proliferative division, asymmetric neurogenic division, or symmetric terminal division 
in the MGE/PoA of control and Pard3 cKO brains from E14.5 to E15.5. (Chi-square 
test). 
to assess interneuron generation deficit in the Pard3 cKO brains. Chandelier cell, which 
possesses numerous characteristic vertical cartridges, is one of the few interneuron cell 
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types that can be meaningfully recognized based on the morphology alone, and has been 
recently suggested to be selectively generated by NKX2.1-expressing progenitor cell in 
the MGE/PoA at the late embryonic stage (after E15.5). In addition, one of the ongoing 
studies of our lab, by combining retrovirus fate mapping experiment with EdU pulse-
chase analysis, revealed that chandelier cells born at the late neurogenic stage (E15.5) 
are originated from the early labeled (E12.5) NKX2.1+ RGPs undergoing several rounds 
of asymmetric divisions before the final differentiate division. This result suggests a 
putative link between division mode of RGPs and interneuron subtype specification, 
and hence prompts us to analyze chandelier cell production in the Pard3 cKO brains. 
We performed in utero intraventricular injection of pUX-FLEX Cre-dependent 
EGFP-expressing retrovirus into the wild type control and Pard3 cKO brains at E15.5 
(Figure 3.9). Brains were collected at P21 and subjected to 3D stereological analysis to 
systematically examine EGFP-expressing chandelier cells in the neocortex (Figure 
3.9A). While the control brain contained 16.0±4.0 chandelier cells per neocortical 
hemisphere (14.8±3.0% of EGFP-expressing population), the Pard3 cKO brain 
contained only ~6.0±1.0 chandelier cells per neocortical hemisphere (5.5±0.8% of 
EGFP-expressing population) (Figure 3.9B, C).  
We further examined the superficial and deep layer chandelier cell output. Both 
superficial and deep layer chandelier cells are generated at the late embryonic stage, and 
deep layer population is largely produced after superficial layer population. There was 
a significant reduction in the number of labeled chandelier cells in layer 2 per 
neocortical hemisphere in the Pard3 cKO brain (4.0±3.0; 19.2±2.4% of EGFP-
expressing population in layer 2) compared with the control brain (10.0±3.0; 37.8±7.3%)  
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Figure 3.9: PARD3 regulates Chandelier cell production via RGP asymmetric 
division.  
(A) Schematic of the experimental design. Animals received in utero injection 
of Cre-dependent EGFP-expressing retrovirus at E15 were analyzed at P21. (B) 3D 
reconstruction images of P21 control (Ctrl) and Pard3 cKO neocortical hemispheres 
with EGFP-expressing chandelier cells and non-chandelier cells. Black and grey dots 
represent the cell bodies of EGFP-expressing chandelier cells and non-chandelier cells, 
respectively. A, anterior; P, posterior; D, dorsal; V, ventral; M, medial; L, lateral. (C) 
Quantification of the number (left) and percentage (right) of chandelier cells among 
EGFP-expressing interneurons per neocortical hemisphere (control, n=10 hemispheres; 
Pard3 cKO, n=16 hemispheres). Center line, median; box, interquartile range; whiskers, 
minimum and maximum. ** P=0.003 (Mann-Whitney test).  (D) 3D reconstruction 
images of P21 control and Pard3 cKO neocortical hemispheres with EGFP-expressing 
chandelier cells and non-chandelier cells in layer 2. Red and grey dots represent the cell 
bodies of EGFP-expressing chandelier cells and non-chandelier cells, respectively, in 
layer 2. (E) Quantification of the number (left) and percentage (right) of chandelier cells 
among EGFP-expressing interneurons in layer 2 per neocortical hemisphere (control, 
n=10 hemispheres; Pard3 cKO, n=16 hemispheres). Center line, median; box, 
interquartile range; whiskers, minimum and maximum. * P=0.04 (left); * P=0.03 (right) 
(Mann-Whitney test). (F) 3D reconstruction images of P21 control and Pard3 cKO 
neocortical hemispheres with EGFP-expressing chandelier cells and non-chandelier 
cells in layers 5/6. Blue and grey dots represent the cell bodies of EGFP-expressing 
chandelier cells and non-chandelier cells, respectively, in layers 5/6. (G) Quantification 
of the number (left) and percentage (right) of chandelier cells among EGFP-expressing 
interneurons in layers 5/6 per neocortical hemisphere (control, n=10 hemispheres; 
Pard3 cKO, n=16 hemispheres). Center line, median; box, interquartile range; whiskers, 
minimum and maximum. * P=0.01; *** P=0.0007 (Mann-Whitney test).   
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of EGFP-expressing population in layer 2) (Figure 3.9D, E). Similarly, the number of 
labeled chandelier cells in layers 5/6 significantly decreased from 6.0±2.0 (14.7±4.2%of 
EGFP-expressing population in layers 5/6) in the control brain to 2.0±0.5 (4.1±1.3% of 
EGFP-expressing population in L5/6) in the Pard3 cKO brain (Figure 3.9F, G). 
Together, these results clearly suggest that PARD3 is crucial for the generation of both 
superficial and deep layer chandelier cells via regulating MGE/PoA RGP asymmetric 
division.  
3.5 Discussion 
Significant efforts have been made to delineate distinct types of interneurons in 
the neocortex, yet little is known about the developmental program of producing diverse 
neocortical interneurons. Specifically, it remains largely unclear how RGPs in the 
MGE/PoA give rise to different subtypes of neocortical interneurons. One of the 
ongoing studies of our lab might have potential to provide insights into this field. By 
systematically examining the developmental origins of chandelier cells, which is one of 
the well-established interneuron subtypes, and born at late neurogenic stages, our lab 
found a pool of MGE/PoA RGPs with multipotency that divide in a consecutive 
asymmetric fashion to progressively generate distinct subtypes of neocortical 
interneurons, with chandelier cells among the last output. This finding suggests a 
putative link between asymmetric division of RGPs in the MGE/PoA and interneuron 
subtype specification, and hence prompts us to investigate interneuron generation in 
Pard3 cKO brains. 
In our mutant analysis, at late neurogenic stages (after E14.5), selectively 
deletion of PARD3 in MGE/PoA RGPs leads to a switch from asymmetric division to 
symmetric terminal division, and consequently significant loss of both deep and 
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superficial layer chandelier cells. These results are in line with the interneuron 
population analysis of our lab mentioned above, and further demonstrate that proper 
RGP asymmetric division is critical for the generation of the correct number and types 
of neocortical interneurons. 
In addition to the reduction in the number of chandelier cells of both deep and 
superficial layer, we found the overproduction of early-born SOM-positive 
interneurons. Unfortunately, the current dataset we have fails to explain the mechanisms 
underlying this overproduction. One of the putative contributors to the deficit of SOM-
expressing interneurons in Pard3 cKO brains is IPs. Several previous studies revealed 
the robust amplification of SVZ divisions in the ventral region of the telencephalon. 
Different from their dorsal counterparts, IPs in the MGE/PoA were found to undergo 
multiple rounds of symmetric divisions by live imaging and clonal labeling (Brown et 
al., 2011). Moreover, the SVZ, the region where a majority of IPs are located, in the 
MGE is greatly expanded as development proceeds, whereas the number of RGPs in the 
VZ of the MGE appears to decrease progressively. Although IPs may play an increased 
role in the generation of the appropriate numbers and diversity of cortical interneurons, 
the bona fide marker of this type of progenitor still remains to be found. Our analysis of 
IP generation in the Pard3 cKO brains is halted as well due to the lack of well-
established IP marker. Notably, the rapid advances in single cell sequencing techniques 
open the possibility of identifying accurate markers of various cell types in the 
MGE/PoA. These efforts may provide us powerful tools to investigate IP generation 
and dissect the putative link between IP and interneuron subtype specification. 
Another potential contributor to the overgrowth of SOM-expressing 
interneurons is the ectopic OLIG2+ RGPs in the Pard3 cKO brains. Our immunostaining 
result revealed the excessive OLIG2+ RGPs in the SVZ upon Pard3 deletion between 
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E11.5 and E13.5, the time points in which the peak generation of SOM+ interneurons 
occurs (Miyoshi et al., 2007). Meanwhile, our in vivo division pattern analysis 
demonstrated that the symmetric terminal division does not impaired in the Pard3 cKO 
brains at early neurogenic stage (E12.5-13.5). These results suggest a possibility that 
ectopic OLIG2+ RGPs in the SVZ may undergo symmetric terminal division to 
selectively produce SOM+ interneurons before E13.5. This hypothesis, generally, is 
consistent with our mutant analysis results of the neocortex discussed in chapter 2: the 
outcome of the symmetric division upon Pard3 removal is affected by the 
environment/niche parameters, such as NOTCH/HIPPO signaling intensity (Liu et al., 
2018). Indeed, a significant population of RGPs accumulate in the SVZ in Pard3 cKO 
MGE, a niche where extensive symmetric terminal divisions of IPs happen. Therefore, 
it would be interesting to selectively examine the dividing behavior and output of 
ectopic RGPs by a combination of single cell dissection, in vitro cell culture, and 
transplantation experiments. 
Sonic hedgehog signaling (SHH) can be a potential contributor to SOM+ 
interneuron overproduction in the Pard3 cKO brains as well. One elegant study 
published on Neuron reported that a high level of SHH signaling favors the generation 
of the SOM-expressing interneurons at the expense of PV-expressing subgroup (Xu et 
al., 2010). Although PARD3 hasn’t been reported to directly regulate SHH signaling, 
aPKC, another key member of PAR complex which interacts with PARD3 is identified 
as a novel SHH regulator in mouse basal cell carcinoma (BCC) cell lines (Atwood et 
al., 2013). Therefore, one of the future directions for the MGE/PoA mutant analysis 
would be the assessment of SHH signaling level in the Pard3 cKO brains. 
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Chapter 4 Conclusion and future directions 
4.1 Introduction 
My thesis study attempted to define functions of polarity protein, PARD3, in 
cortical neurodevelopment. By generating a conditional Pard3 mutant mouse line, and 
crossed it to two distinct Cre mouse lines, Emx1-Cre and NKX2.1-Cre, in which Cre 
recombinase is selectively expressed in RGPs of the developing neocortex and 
MGE/PoA, respectively, I was able to conduct mutant analyses and assess the roles of 
PARD3 during development of the two key brain regions.  
In chapter 2, which discusses my work performed in the developing cortex, the 
mutant analysis results showed that neocortical RGP behavior and cortical development 
are controlled by temporally distinct actions of PARD3 in concert with HIPPO signaling. 
Upon PARD removal, RGPs exhibit developmental stage-dependent abnormal switches 
in division mode, leading to an initial over-production of RGPs largely located outside 
the VZ at the expense of deep-layer neurons. Ectopically localized RGPs subsequently 
undergo accelerated and excessive neurogenesis, resulting in the formation of an 
enlarged cortex with massive heterotopia and increased seizure susceptibility. 
Simultaneous removal of HIPPO pathway effectors YAP and TAZ suppresses cortical 
enlargement and heterotopia formation. Taken together, these results define a dynamic 
regulatory program of mammalian cortical development and highlight a progenitor 
origin of megalencephaly with ribbon heterotopia and epilepsy. 
In chapter 3, my mutant analysis done in the MGE/PoA demonstrated that proper 
RGP asymmetric division is critical for the generation of the correct number and types 
of neocortical interneurons. Similar to their counterparts in the neocortex, MGE/PoA 
RGPs lacking PARD3 display temporally distinct changes in division mode: 
96 
 
asymmetric division switches to symmetric proliferative/terminal division at early/late 
neurogenic stages, respectively. The division mode impairment leads to the initial 
overproduction of OLIG2+; PDGFR- RGPs located within and outside the VZ of the 
MGE/PoA before E14.5, and a gradual reduction in the number of MGE/PoA RGPs 
after that. Moreover, this perturbation in asymmetric division suppresses the generation 
of chandelier cells of both deep and superficial layer. In conjunction with one of the 
ongoing studies of our lab, which identified that chandelier cells born at the late 
neurogenic stage (E15.5) are originated from the early labeled (E12.5) NKX2.1+ RGPs 
undergoing several rounds of asymmetric divisions, my PARD3 mutant analysis in the 
MGE/PoA directly supports a progressive interneuron fate specific program in which 
neocortical interneuron diversity comes from consecutive asymmetric division of 
multipotent MGE/PoA RGPs. 
4.2 The molecular underpinnings of temporally distinct function of PARD3 
 
My dissertation studies in two key brain areas, neocortex and the MGE/PoA, 
reveal the regional conserved developmental stage-dependent role of PARD3 in 
determining the progeny output of RGPs’ asymmetric division. At early neurogenic 
stage, between the two daughter cells of RGPs, the one inheriting PARD3 becomes the 
postmitotic neuron. On the contrary, PARD3 promotes the progenitor identity during 
late neurogenesis. These results help to resolve the controversy over reports of PARD3 
knockdown phenotypes in mouse and zebrafish (Alexandre et al., 2010; Bultje et al., 
2009; Costa et al., 2008; Dong et al., 2012), but the molecular mechanisms underlying 
the temporally distinct function of this protein is still unknown. 
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One of the putative contributors could be the multiple isoforms of PARD3. 
Three major PARD3 isoforms (180, 150 and 100 kDa) have been identified in a lysate 
prepared from E13.5 mouse embryonic tissue (Traweger et al., 2008). According to my 
western blot result shown in chapter 2 ((Figure 2.1B), at least two PARD3 protein 
isoforms (180 and 100 kDa) can be detected in mouse neocortex at E12.5. This is in line 
with previous reports demonstrating that PARD3 protein variants are often expressed 
simultaneously within a specific cell type or tissue (Gao et al., 2002). The three major 
PARD3 isoforms share the conserved N terminal domain and three PDZ1 domains, but 
differ in C terminal elements. Although our understanding of the function of individual 
PARD3 variant is limited, one study revealed the different aPKC binding and 
phosphorylation affinities among major three PARD3 isoforms (Gao et al., 2002). 
Therefore, it is likely that distinct isoform of PARD3 may active at different neurogenic 
stages and contribute to the developmental phase-dependent function of PARD3. It 
would be interesting to identify the temporal expression pattern of each variant through 
the entire cortical neurogenesis by western blot, and selectively manipulate the level of 
single isoform to further assess the function. 
Another potential contributor to the temporally distinct function of PARD3 
could be the concentration difference of this protein between early and late neurogenic 
phases. The idea is inspired by one of the previous studies of our lab, which illustrated 
the conformation-dependent regulation of microtubule bundling by PARD3 in 
specifying neuronal polarity (Chen et al., 2013). As stated in this elegant work, under 
low concentration, PARD3 functions in the closed conformation through the 
intramolecular interaction between the N- and C- terminal domains, and possesses low 
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microtubule regulation activity. Whereas under high concentration, the intermolecular 
oligomerization of PARD3 promotes an open conformation and subsequently leads to 
strong microtubule bundling and stabilization activity. Notably, the expression intensity 
of PARD3 is gradually deceased during cortical neurogenesis: immunoreactivity is 
strong in early neurogenic stage and was almost absent in late stage (Costa et al., 2008). 
This reduction of PARD3 level correlates with the switch of division mode in Pard3 
cKO cortices, and therefore prompts the idea that this concentration mediated 
conformation change might result in the temporally distinct function of PARD3 in 
regulating the progeny output of asymmetric division of RGPs.   
4.3 The identity and mitotic behavior of ectopic RGPs upon PARD3 deletion 
 
Another regionally conserved phenotype upon PARD3 deletion, in addition to 
the developmental stage-dependent division mode change, is the generation of 
ectopically located RGP population. In chapter 2, by conducting a series of 
immunostaining experiments, we demonstrated that this population is positive for RGP 
markers, but negative for oRG makers. Retrovirus labeling experiment revealed the 
multipolar morphology of this population. Moreover, the division pattern clonal 
analysis suggested that ectopic PAX6+ cells can actively divide to give rise to either 
progenitors or postmitotic neurons. All these results together proved that the newly 
generated PAX6+ cells in extra-VZ upon PARD3 deletion are RGP-like progenitors. 
However, it is unclear that whether VZ RGPs and ectopic RGPs are the same with regard 
to transcriptome profile and mitotic behavior.  
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Since PARD3 has been reported to establish and maintain polarized distribution 
of cell fate determinants, it is expected that the two daughter cells from symmetric 
division of PARD3 deleted RGPs acquire the same amount of progenitor fate 
determinants as well as neuron fate determinants simultaneously. Consequently, the 
progenitors in PARD3 cKO brains would exhibit features of postmitotic neurons, 
migrate away from the VZ, and hence become the ectopic cells positive for progenitor 
markers.  
Taken together, it will be interesting to conduct the comparisons of 
transcriptome profiles among ectopic RGPs in PARD3 cKO brains, VZ RGPs in 
PARD3 cKO brains and RGPs in control brains in order to further characterize this 
unique type of cells resulted from PARD3 removal. Performing live cell imaging to 
monitor the mitotic and migratory behaviors of ectopic RGPs would be another exciting 
future direction of this study. 
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EXPERIMENTAL PROCEDURES 
Animals 
The Pard3 knockout-first (Pard3tm1a(KOMP)Wtsi) ES cell line (EPD0334_1_C04) was 
obtained from the International Knockout Mouse Consortium (IKMC). After 
confirmation, ESC clones were injected into C57BL/6J blastocysts, and the resulting 
chimeras were crossed with C57BL/6J females to obtain germ-line transmission. The 
knockout-first allele was converted to the conditional allele by crossing with B6.Cg-
Tg(ACTFLPe) mice (stock# 005703; The Jackson Laboratory) to excise the gene trap 
cassette.  The resulting Pard3fl/+ (fl, floxed allele) conditional mice were subsequently 
intercrossed to generate Pard3fl/fl mice, in which exons 8 and 9 were flanked by loxP 
sites. Deletion of exons 8 and 9 causes a frameshift in the subsequent exons. Emx1-Cre 
(stock#005628) and Nex-Cre (Schwab et al. 2000) mice were used to delete Pard3 in 
the cortex. R26-LSL-NICD mice (stock#008159) and Ai9-tdTomato mice (stock# 007909) 
were purchased from The Jackson Laboratory. Emx1-CreER, Rbpjfl/fl, CBF:H2B-Venus, 
Yapfl/fl, and Tazfl/fl (Reginensi et al. 2013) mouse lines were kindly provided by Dr. N. 
Kessaris (University College London, UK), Dr. B. G. Novitch (University of California 
at Los Angles), Dr. A. K. Hadjantonakis (Memorial Sloan Kettering Cancer Center, 
MSKCC), Dr. Alexander L. Joyner (MSKCC) and Dr. Jeff Wrana (The Lunenfeld-
Tanenbaum Research Institute, Canada), respectively. Genotyping was carried out using 
standard PCR protocols. The mice were maintained at the facilities of Memorial Sloan 
Kettering Cancer Center (MSKCC) and all animal procedures were approved by the 
MSKCC Institutional Animal Care and Use Committee (IACUC). For timed 
pregnancies, the plug date was designated as E0 and the date of birth was defined as P0.  
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Tissue Preparation, Immunohistochemistry, Confocal Imaging, and 
Quantification 
Embryonic or adult mice were transcardially perfused with 4% ice-cold 
paraformaldehyde (PFA) in PBS (pH 7.4). Brains were dissected out and post-fixed in 
4% PFA solution at 4°C for 4 hours.  Coronal sections were prepared at 20 m with a 
cryostat (Leica Microsystem) or at 40 m with a vibratome (Leica Microsystem). 
Sections were blocked in 10% serum and 0.1% Triton-X in PBS, and incubated with the 
primary antibody at 4 °C overnight. Primary antibodies used included: rabbit antibody 
to PARD3 (Sigma, HPA030443, 1:200 for IF and 1:1000 for WB), biotin-conjugated 
antibody to ISOLECTIN B4 (Sigma, L2140, 1:500), mouse antibody to SMI-312 
(Biolegend, smi-312r,1:500), goat antibody to FOXP2 (Santa Cruz, sc-21069,1:200), 
rat antibody to CTIP2 (Abcam, ab18465,1:200), rabbit antibody to CUX1 (Santa Cruz, 
sc-13024,1:500), rabbit antibody to SATB2 (Abcam, ab92446,1:500), rabbit antibody 
to PAX6 (BioLegend, prb-278p, 1:500), mouse antibody to PAX6 (Developmental 
Hybridoma Bank, PAX6s, 1:50), chicken antibody  to GFP (Fisher, GFP-1020, 1:1000), 
mouse antibody to Ki67 (BD Transduction Laboratories, 610968, 1:200), mouse 
antibody to TUJ1 (Covance, MMS-435P,1:500), rabbit antibody to PCNT (BioLegend, 
prb-432c. 1:500), mouse antibody to ZO-1 (Fisher, 33-9100, 1:500), mouse antibody to 
N-CADHERIN (BD Biosciences, 610920, 1:200), rabbit antibody to -CATENIN (BD 
Biosciences, 610153, 1:200), rat antibody to TBR2 (eBioscience, 12-4875-12, 1:200), 
mouse antibody to YAP (Santa Cruz, sc-101119, 1:200), rabbit antibody to phospho-
YAP (Cell Signaling, #4911, 1:200), mouse antibody to S100 (ThermoFisher, MA1-
25005, 1:500), rabbit antibody to OLIG2 (Millipore, AB9610, 1:500), rat antibody to 
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phosphorylated histone H3 (Abcam, ab10543, 1:200), rabbit antibody to BLBP (Abcam, 
ab32423, 1:200), mouse antibody to P-VIMENTIN (Abcam, ab22651, 1:500), rabbit 
antibody to PTPRZ1 (Sigma-Aldrich, HPA015103, 1:1000), rabbit antibody to TNC 
(Abcam, ab108930, 1:200) and rabbit antibody to FOXJ1 (Invitrogen, 19-9965-80, 
1:200). EdU staining was performed according to the manufacturer’s protocol (Life 
Technologies). Nuclei were stained with DAPI (Sigma, D8417). Alexa fluor 488-, 546- 
or 647-conjugated secondary antibodies (Life Technologies, 1:1000) were used to 
visualize the signals of primary antibodies. For Nissl staining, the 40 m vibratome 
sections were mounted onto positively charged plus slides and air-dried overnight. After 
the de-fat step, slides were briefly submerged in staining solution (5 g/L cresyl violet 
acetate in 0.3% acetic acid, Sigma-Aldrich), dehydrated, and mounted. Images were 
acquired with a confocal microscope (FV1000, Olympus) or a brain scanner 
(NanoZoomer 2.0-HT, Hamamatsu Photonics), and analyzed with Volocity 
(ImproVision), Neurolucida (MBF Bioscience) and Photoshop (Adobe Systems).  
 
Animals were assigned to groups according to the genotyping results. Age-matched 
wild type littermates were used as the controls in all experiments. For cell 
density/number quantification (except the chandelier cell number quantification in 
chapter 3), all cells positive for the corresponding markers were counted in a 200 m-
width (embryonic neocortex), 250 m-width (embryonic MGE) or 300 m-width 
(postnatal) columnar area from the lateral ventricle to the pial surface in similar regions 
of the neocortex/MGE (embryonic) or the primary somatosensory cortex (postnatal). At 
least 3 animals in each group, and two sections in each hemisphere were analyzed in all 
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experiments. Both male and female mice were used in experiments. Data were presented 
as mean ± S.E.M. (standard error of the mean) and statistical differences were 
determined using Student’s two-tailed t-test, Chi-square test, ANOVA test, or 
nonparametric Mann–Whitney test and Kruskal-Wallis test. Statistical significance was 
set as p<0.05. 
As for the chandelier cell number quantification, serial coronal sections along the 
rostrocaudal axis were examined sequentially using Neurolucida (MBF Bioscience) 
installed on an upright microscope. The boundaries of the cerebral cortex and midline 
were manually traced and aligned. Individual chandelier cells were marked by colored 
dots. Based on the number of sections spanning the rostrocaudal axis of the neocortex, 
the total number of chandelier cells per neocortical hemisphere, as well as the number 
in different neocortical layers, were calculated. 5 control (10 hemispheres) and 8 
Pard3cKO (16 hemispheres) brains were analyzed in this experiment. 
 
Cell Cycle Exit Analysis 
To label proliferating cells, pregnant females were intraperitoneally injected with 10 
mg/kg body weight of EdU. At 24 hours after the injection, embryonic brains were 
collected, sectioned, and stained with the antibodies to EdU and Ki67. The cell cycle 
exit index was analyzed as the fraction of EdU+/Ki67- cells among all EdU+ cells. 
 
In vivo RGP Division Pattern Assay 
To sparsely label dividing RGPs at the VZ surface of the embryonic cortex, serially 
diluted, low titer of replication-incompetent EGFP-expressing retroviruses were 
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injected into the lateral ventricle of embryos in utero, as previously described (Yu et al. 
2009). At 24 hours after the injection, embryonic brains were collected and serially 
sectioned using a vibratome (Leica Microsystem). Consecutive sections covering the 
entire cortex were collected and stained with the antibodies against EGFP, PAX6 in 
neocortical assay or OLIG2 in MGE/PoA assay, and Ki67. The entire cortex or 
MGE/PoA was reconstructed to recover all EGFP-labeled cell pairs by Neurolucida 
(MBF Bioscience) on an upright microscope equipped with epifluorescence 
illumination and cooled charged-coupled device camera (Zeiss), and the composition of 
2-cell clones were analyzed based on the triple staining results. In the neocortical 
experiments, PAX6+/Ki67+, PAX6-/Ki67+, and PAX6-/Ki67- cells corresponded to 
RGPs, IPs, and neurons (Ns), respectively. In the MGE/PoA assays, OLIG2+/Ki67+, 
OLIG2-/Ki67+, and OLIG2-/Ki67- cells corresponded to RGPs, IPs, and post-mitotic 
interneurons (INs), respectively. 
 
Seizure Susceptibility Analysis 
Seizure susceptibility analysis was carried out as previously described (Croquelois et al. 
2009). In brief, Pard3 cKO mice and control littermates at 3-4 months of age received 
intraperitoneal injections of 1 mg/kg (−)-Scopolamine methyl bromide (Sigma, S8502) 
in sterile saline 30 minutes prior to pilocarpine injection to reduce its peripheral 
cholinergic effects. Subsequently, mice were intraperitoneally injected with 300 mg/kg 
body weight of pilocarpine hydrochloride (Sigma, P6503) in sterile saline. Mice were 
observed continuously for 100 minutes after the injection, and the most severe symptom 
was documented every 10 minutes. Seizure severity was determined by the following 5 
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stages: stage 0, normal; stage 1, single jerk; stage 2, multiple jerks; stage 3, violent 
convulsion; stage 4, generalized seizure; and stage 5, death. Jerks refer to an 
uncontrolled shake of the neck and head, convulsion refer to an uncontrolled shake of 
the whole body, and generalized seizure refer to the loss of consciousness followed by 
generalized body stiffening for 30-60 seconds.   
 
Magnetic Resonance Imaging (MRI) 
Ex vivo MRI of 4% PFA fixed mouse brain specimens was performed on a horizontal 7 
Tesla MR scanner (BrukerBiospin, Billerica, MA, USA) with a triple-axis gradient 
system. Images were acquired using a quadrature volume excitation coil (72 mm 
diameter) and a receive-only 4-channel phased array cryogenic coil. The specimens 
were imaged with skull intact and placed in a syringe filled with Fomblin to prevent 
tissue dehydration. High-resolution diffusion MRI data were acquired using a modified 
3D diffusion-weighted gradient- and spin-echo (DW-GRASE) sequence (Wu et al. 2013) 
with the following parameters: echo time (TE)/repetition time (TR) = 33/400 msec; two 
signal averages; field of view (FOV) = 16 mm x 12.8 mm x 18 mm, resolution = 0.125 
mm x 0.125 mm x 0.2 mm; two non-diffusion weighted image (b0); 10 diffusion 
directions; and b = 2000 sec/mm2. The total imaging time was approximately 1 hour for 
each specimen. From the diffusion MRI data, the average diffusion weighted images 
(DWIs) were used to manually segment the entire brain. Diffusion tensors (Basser and 
Jones 2002) were calculated using the log-linear fitting method implemented in 
DTIStudio (http://www.mristudio.org) at each pixel. The fractional anisotropy (FA) 
(Basser and Jones 2002) maps generated from the diffusion tensor data provided strong 
white matter and gray matter contrasts and were used to segment the cortex and 
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heterotopia. Structural volumes were calculated based on the results of manual 
segmentation. 
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